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SECTION  I 

INTRODUCTION 


This  volume  describes  the  hardware  and  antiskid  systems  used  on  the  brake  control  simula- 
tor plus  the  test  conditions  and  parameters  used  in  developing  data  for  the  dimensional 
analysis  in  the  study.  Details  of  the  specific  pi-term  calculations  and  of  the  development  of 
component  and  dimensional  prediction  equations  are  presented  as  backup  information  for 
ASD-TR-74-41,  Volume  1. 
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SECTION  II 

BASIC  BRAKE  CONTROL  HYDRAULIC  SYSTEM 


The  hydraulic  portion  of  the  brake  control  simulator  employed  standard  aircraft  hydraulic 
system  components.  The  actual  hydraulic  configuration  of  each  of  the  five  aircraft  was 
mocked  up.  The  major  components  common  to  most  of  the  aircraft  braking  systems  are: 

• Antiskid  valve 

• Pilot  metering  valve 

• Brakes 

• Accumulator 

• Shuttle  valve 

• Tubing 

To  generate  the  proper  hydraulic  system  response,  line  lengths  and  diameters,  valve  loca- 
tions, and  restrictions  were  implemented  as  specified  by  the  technical  documents  for  each 
airplane.  The  brake  hydraulic  system  of  each  aircraft  is  activated  by  a pilot  input  to  the 
pilot  metering  valve.  The  pilot  brake  pedal  action  was  simulated  by  opening  the  metering 
valve  and  supplying  the  antiskid  valve  with  a dump  signal  removing  all  brake  pressure  until 
braking  w.is  initiated.  At  the  time  of  brake  application,  the  dump  signal  was  ramped  off  in 
0.4  sec.  This  method  successfully  modeled  a typical  pilot  response  in  initiating  braking, 
judging  from  Boeing  flight  test  results  of  performance  landings. 

The  main  function  of  the  antiskid  valve  is  to  modulate  the  brake  pressure  based  on  an 
electrical  signal  from  a control  box.  To  maintain  the  proper  pressure  and  flow  characteristics 
through  the  antiskid  valve  and  pilot  metering  valve,  actual  aircraft  brakes  were  used.  This 
ensured  that  the  correct  pressure-volume  relationship  existed  during  system  operation. 
Because  ti  e system  pressure  is  modulated  by  the  antiskid  valve,  large  demands  can  be  placed 
on  the  hydraulic  supply.  To  partially  eliminate  the  resulting  supply  pressure  lluctuations,  an 
accumulator  is  placed  in  the  system  supply  line. 

The  remaining  component,  the  shuttle  valve,  is  used  in  conjunction  with  the  emergency 
braking  system.  Although  the  emergency  system  was  not  simulated,  the  shuttle  /alve  was 
employed  to  obtain  the  proper  flow  restriction. 
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SECTION  III 

BOEING  727  BRAKE  CONTROL  SYSTEM  DESCRIPTION  AND 
SYSTEM  CHARACTERISTICS 


The  Boeing  727  braking  system  contains  four  basic  clensents'  wheel  speed  transducers, 
antiskid  control  system,  hydraulic  ystei  and  brakes.  The  hydraulic  system  includes  anti- 
skid valves,  pilot  metering  valves,  deboosl  valves,  and  the  associated  tubing.  An  overview  of 
the  braking  system  mockup  is  shown  in  Figure  1 . The  detailed  hydraulic  schematic  pre- 
sented in  Figure  2 identifies  individual  components  shown  in  Figure  1,  Tab'e  1 lists  line 
dimensions  and  materials  used  in  the  niockup. 

1.  SYSTEM  DESCRIPTION 

a WHEEL  SPEED  TRANSDUCER 

The  Boeing  727  wheel  speed  transducer  provides  instantaneous  wheel  speed  information  to 
the  control  unit.  The  transducer,  as  pictured  in  Figure  3,  is  a variable-reluctance  device 
producii.g  an  alternating  current  proportional  to  wheel  speed.  The  device  is  self-contained 
and  is  mounted  in  the  axle.  It  contains  a rotor  and  stator,  each  having  SO  teeth.  A magnetic 
field  is  established  by  a supply  current  to  the  stator  coil.  As  the  rotor  turns,  the  variation  in 
the  ait  gap  between  the  teeth  of  the  rotor  and  stator  induces  an  alternation  in  the  supply 
current.  The  AC  irequency  is  propo,tional  to  wheel  speed  and  is  used  as  the  input  to  the 
antiskid  control  box.  The  transducer  produces  a sinusoidal  signal  at  50  cycles  per  wheel 
revolution. 

b.  ANTISKID  CONTROL  SYSTEM 

The  antiskid  control  system  used  during  the  sensitivity  analysis  of  the  Boeing  727  was  the 
Hytrol  Mark  II  skid  control  system  manufactured  by  Hydro-Aire.  A simplified  block  dia- 
gram of  the  Mark  11  System  is  presented  in  Figure  4. 

The  Mark  II  antiskid  system  requires  active  wheel  speed  inputs.  This  information  is  provided 
by  the  wheel  speed  transducers.  The  AC  signal  produced  by  the  transducer  is  converted  to  a 
DC  voltage  in  the  control  box  by  the  squaring  circuit  and  velocity  amplifier. 

The  squaring  circuit  converts  the  sinusoidal  wheel  speed  signal  to  a square  wave  with 
frequency  proportional  to  the  wheel  speed.  The  velocity  amplifier  then  reduces  the  square 
wave  to  a DC  voltage.  The  level  of  the  DC  voltage  is  a measure  of  the  true  wheel  speed. 

The  DC  wheel  speed  is  differentiated  in  the  rate  amplifier  to  produce  instantaneous  wheel 
deceleration.  This  deceleration  is  compared  to  a fixed  threshold  value;  when  the  actual 
wheel  deceleration  exceeds  the  threshold,  a brake  release  signal  is  initiated.  The  duration 
and  magnitude  of  the  brake  release  is  based  on  the  absolute  wheel  speed  departure.  In 
addition  to  this  proportional  control,  the  pressure  bias  modulation  (PBM)  circuit  provides 
an  extension  of  the  original  control  signal  after  the  wheel  has  recovered  from  a skid.  During 
a skid,  the  PBM  is  charged  to  a level  proportional  to  the  duration  and  magnitude  of  the  skid. 
After  the  wheel  has  recovered  from  a skid,  the  PBM  discharges  ramping  pressure  on.  To 


s Preceding  page  blank 


Table  1.—727  Brake  Hydraulic  Syttam  Mockup 
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Figure  3.-727  Wheel  Speed  Transducer 


ensure  that  the  same  brake  pressure  is  not  reapplied  after  a skid,  the  P6M  is  charged  to  a 
higher  va,,.,;  than  it  had  prior  to  the  skid. 

The  remaining  component  of  the  system  is  the  vaive  driver,  which  provides  current  to  the 
antiskid  servo  valve  for  a given  voltage  input  from  the  rate  amplifier. 

c.  TOUCHDOWN  AND  LOCKED-WHEEL  PROTECTION 

locked-wheel  protection  consists  of  an  arming  circuit  and  a locked-wheel  detection  circuit 
The  system  is  armed  when  either  of  two  paiied  wheels  .'.re  rotating  faster  than  20  knots.  The 
wheel  pain  are  the  right  and  left  inboard  wheels  and  the  right  and  left  outboard  wheels.  If 
the  system  is  armed  and  the  wheel  speed  decreases  to  a speed  below  20  kncts,  a signal  is 
produced  to  completely  release  brake  pressure.  The  system  tested  incorporated  a modifica- 
tion that  delays  system  disarming  for  a period  of  time  after  both  wheels  decrease  to  a speed 
below  the  arming  speed.  This  modification  permits  retention  of  locked-wheel  protection  if 
both  wheels  lock  simultaneously. 

Squat  switch  logic  arms  the  system  in  the  air  to  provide  touchdown  protection. 

d.  BRAKE  HYDRAULIC  SYSTEM 

The  hydraulic  system  is  composed  of  antiskid  valves,  pilot  metering  valves,  deboost  valves, 
and  the  associated  tubing. 

The  72?  brake  hydraulic  system  requires  a 3000-psi  supply  pressure,  The  3000-psl  supply 
enters  the  actual  brake  hydraulic  system  at  the  pilot  metering  valve.  This  valve  is  a pressure 
control  valve  that  supplies  pressure  to  the  antiskid  valve  based  on  pilot  input.  The  pilot  can 
meter  from  zero  to  3000-psi  pressure  depending  on  his  input.  The  metered  pressure  is  the 
maximum  attainable  output  pressure  of  the  antiskid  valve.  The  actual  output  of  the  antiskid 
valve  is,  however,  controiled  by  the  eiectricai  signal  from  the  skid  control  box. 

The  antiskid  valve,  produced  by  Hydro-Aire,  is  pictured  in  Figure  5.  It  is  a two-stagn 
pressure  control  valve  with  a flapper  and  nozzle  first  stage  and  sleeve  and  spool  second  stage. 
The  flapper  is  operated  by  a permanent  magnet  torque  motor.  The  application  of  an  electri- 
cal signal  from  the  antiskid  control  box  to  the  torque  motor  causes  the  flapper  to  move 
from  the  neutral  position  (maximum  pressure).  Movement  unbalances  the  hydraulic  bridge 
formed  by  the  first  stage  nozzles.  The  resulting  differential  pressure  is  applied  to  the  second 
stage  spool.  Movement  of  the  spool  allows  the  output  of  the  antiskid  valve  to  change.  The 
hydraulic  forces  on  the  spool  work  to  position  the  spool  and  reach  an  equilibrium  position 
and  pressure. 

The  modulated  pressure  from  the  antiskid  valve  is  reduced  at  the  deboost  valve  before 
entering  the  brake.  The  deboost  valve  reduces  the  pressure  by  the  ratio  of  0.57  to  1 .0.  Tlie 
pressure  output  of  the  deboost  valve  is  transmitted  through  a shuttle  valve  to  the  brakes. 


Mfttred 

prtiiura 


Brsks 

port 


Figure  6.-727 Antiskid  \/atve  Schematic  tShov\/n  Deenergized! 


e.  BRAKES 


The  727  brakes  used  in  the  mockup  were  a Bendix  produet  (both  Bendir.  and  B.  F.  Good- 
rich brakes  are  available).  They  are  six-rotor  steel  brakes.  The  modulation  x f pressure  at  the 
brake  causes  compression  or  release  of  ihu  disc  siae).  . which  results  in  a '.-ontrolled  braking 
action. 


2.  BRAKING  SYSTEM  CHARACTERISTICS 

During  the  senstitivity  study,  '’arious  system  and  e.)tnponenl  eiiaraeteristics  were  measured. 
The  dynamic  response  of  the  standard  727  hydra. ille  system  is  shown  in  Figures  6 and  7. 
Figure  6 plots  the  system  frequency  response,  while  Figure  7 represents  step  response. 
Tables  2 and  3 compile  the  dynamic  response  data  resulting  from  hydraulic  system  changes. 

Figure  8 plots  the  antiskid  valve  pressure-current  cliaracleristics.  The  effect  of  varying  the 
pilot’s  metered  pressure  is  depicted  by  the  three  diffeu  nt  curves. 

The  pressure-volume  characteristics  of  the  standard  727  brake  are  shown  in  Figure  9.  Also 
included  are  the  p-v  relationships  for  the  increased  brake  volume  and  increased  brake  gain 
test  conditions. 
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Figure  7.-727 Brake  HytkauHc  S/stem  Step  Response 


Table  2.  —727  Frequency  Response  Data 


TMt  condition 


a.  Decrease  line 
diameter 


b.  Increase  line 


c.  Move  dynamic 
breakpoint  out 
150%  of  nominal 


d.  Move  dynamic 
breakpoint  In 
60%  of  nominal 


e.  Restriction 


Test 

pressure 

(psi)(tp$l) 


Resonance 
point  fre- 
quency or 
-3  db  fre- 
quency (H2) 


1126 

100 

200 

663 

100 

200 

1126 

100 

200 

663 

100 

200 

1126 

100 

200 

663 

100 

200 

1126 

100 

200 

563 

100 

200 

1126 

100 

200 

563 

100 

200 

1125 

100 

200 

663 

100 

200 

Gain  at 
resonance 
or  -3  db 
(db) 


Phase  angle 
at  reso- 
nance or 
-3db 
(deg) 


Frequency 
«90“ 
phase  angle 
(Hz) 


Tabl0  3.-737  Step  Response  Data 


Test  condition 

Pressure 

step 

change 

Delay  response 
time  (sec) 

Response  time  to 
80%  of  pressure 
change  (sec) 

Percentage  pres- 
sure overshoot 
of  step  change 

Pressure 

increase 

Pressure 

decrease 

Pressure 

increase 

Pressure 

decrease 

Pressure 

increase 

Pressure 

decrease 

Standard  configura- 

0-1 70C 

0.060 

0.020 

0.080 

0.036 

1.8 

0 

tion 

0*1500 

.065 

.015 

.085 

.032 

18.0 

0 

0-850 

.095 

.015 

.115 

.037 

10.6 

0 

260*1700 

.015 

.012 

.035 

.027 

13.8 

11.7 

2S0-150O 

.015 

.015 

.035 

.025 

24.0 

13.6 

a.  Decraasa  line 

0-1700 

.075 

.020 

133 

.060 

4.1 

0 

diamatar 

0-1500 

.075 

.015 

.135 

.050 

9.3 

0 

0-860 

.116 

.015 

.182 

.050 

59 

0 

250-1700 

.013 

.020 

.067 

.050 

11.0 

10.3 

260-1600 

.015 

.015 

.055 

.043 

16.0 

12.0 

b.  Increasa  line 

0-1700 

.106 

.020 

257 

.063 

3.6 

0 

diamatar 

0-1500 

.105 

.015 

.260 

.055 

3.3 

0 

0-860 

.140 

.015 

.445 

.067 

9.4 

0 

260-1700 

.020 

.020 

.070 

.052 

0 

11.7 

260-1600 

.015 

.012 

.065 

.030 

0 

16.8 

c.  Move  dynamic 

0-1700 

055 

015 

.077 

.030 

0 

0 

breakpoint  out 

0-1500 

,057 

.010 

.085 

.023 

2.7 

0 

150%  of  nominal 

0-860 

.085 

.010 

.112 

.025 

3.5 

0 

260-1700 

,012 

.017 

.032 

.028 

9.7 

14.5 

250-1500 

.010 

.010 

.027 

.020 

20.8 

16.8 

d.  Move  dynamic 

0-1700 

.065 

.026 

.090 

.040 

5.9 

0 

breakpoint  in 

0-1000 

.070 

.017 

.095 

.035 

16.0 

0 

50%  of  nominal 

0-850 

.100 

.020 

.127 

.037 

15.3 

0 

260-1700 

.017 

.017 

,042 

.032 

13.8 

IU.2 

250-1500 

.017 

.017 

.040 

.035 

25.6 

16.8 

a.  Insert  20%  re- 

0-1700 

.066 

.020 

.075 

.032 

4.7 

0 

turn  line 

0-1500 

.057 

.012 

.083 

.027 

14.7 

0 

restriction 

0-860 

.090 

.012 

.115 

.030 

12.9 

0 

260-1700 

.012 

.020 

.032 

.033 

16.6 

14.5 

250-1500 

.012 

.010 

.032 

.025 

24.0 

16.8 
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Valve  current  (ma| 


Crake  votuma  <cm'^ 

Figure  9.-727 Brake  System  Pressure- Vohitne  Characteristics 


SECTION  IV 


BOEING  737  BRAKE  CONTROL  SYSTEM  DESCRIPTION  AND 
SYSTEM  CHARACTERISTICS 

The  Boeing  737  brake  control  system  consists  of  four  elements;  wheel  speed  transducers, 
antiskid  control  system,  hydraulic  system,  and  brakes.  The  braking  system  mockup,  exclu- 
sive of  the  antiskid  control  box.  Is  shown  in  Figure  10.  A schematic  of  the  hydraulic  system 
is  given  in  Figure  1 ! , and  the  associated  line  materials,  lengths,  and  diameters  are  listed  in 
Table  4. 

1 . SYSTEM  DESCRIPTION 

a.  WHEEL  SPEED  TRANSDUCER 

The  737  wheel  speed  transducer,  pictured  in  Figure  1 2,  is  a self-contained  device  mounted 
in  the  axle.  The  transducer  has  two  functional  parts,  a rotor  and  stator,  each  of  which  is 
made  of  ferrous  material  and  has  1 SO  teeth.  A magnetic  field  is  established  by  supplying 
current  to  the  stator  coil.  As  the  rotor  turns,  the  alternating  alignment  and  misalignment  of 
the  teeth  in  the  n tor  and  the  stator  vary  the  reluctance  in  the  magnetic  current.  This  results 
in  an  alternation  in  the  supply  current,  which  generates  an  AC  frequency  proportional  to 
wheel  speed. 

b.  ANTISKID  CONTROL  SYSTEM 


The  Boeing  737  incorporates  the  Mark  III  Skid  System  manufactured  by  Hydro-Aire  for 
brake  control.  The  system  is  represented  by  the  functional  block  diagram  in  Figure  13.  The 
wheel  speed  transducers  in  each  braked  wheel  provide  the  instantaneous  wheel  speed 
information  required  by  the  control  circuit.  The  transducer  AC  signal  is  converted  to  a DC 
voltage  in  the  frequency  converter  block.  This  DC  voltage  is  directly  proportional  to  the 
actual  wheel  speed. 

A reference  aircraft  velocity  is  provided  by  the  reference  velocity  and  reference  deceleration 
functions  shown  in  the  block  diagram.  At  touchdown,  the  velocity  comparator  develops  a 
negative  error  signal,  which  forces  the  velocity  reference  to  increase  until  the  error  signal 
ceases.  In  this  manner,  the  reference  velocity  is  initialised  at  touchdown  for  the  braking 
condition  to  follow.  During  the  recovery  from  a sk'd,  the  wheel  spinup  action  results  in  a 
reinitialization  of  the  reference  velocity. 

The  reference  deceleration  function  provides  an  output  derived  from  the  gradually  changing 
component  of  wheel  speed;  thus,  the  output  is  proportional  to  wheel  deceleration.  The 
reference  deceleration  is  an  input  to  the  reference  velocity  function;  it  modifies  the  rate  of 
velocity  decay  as  a function  of  the  prevailing  wheel  condition. 

The  signals  from  the  frequency  converter  and  the  reference  velocity  function  arc  summed  in 
the  velocity  comparator.  The  output  of  the  comparator  is  a velocity  error  signal  that  drives 
the  control  circuit,  resulting  in  pressure  modulation  at  the  brake.  Tire  control  circuit, 
consisting  of  the  pressure  bias  modulation  (PBM),  transient  control,  and  lead  circuits,  is 
responsible  for  normal  system  control. 
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Tabl9  4. -737  Brake  Hydraulic  System  Mockup  ] 


DtKrIptlon 

IndtK 

point 

(from*to) 

Lint 

size 

Lint 

Itngth 

(In.) 

A’lytttm  supply  lint 

1-3 

6S3S 

71 

3.5 

6S28 

71 

3-7 

6S28 

28 

A'lysttm  mttred  prtuurt  lint 

9-13 

6828 

31 

A-iyittm  bmk<  llni 

6S28 

■SB 

3/8  hoM 

■IB 

A'systtm  rtturn  lint 

RTIS 

0S28 

31 

6A36 

14 

B'lyittm  supply  lint 

1 

24 

6S28 

13 

4-6 

SS2S 

33 

4B 

6S2B 

118 

B-iyiMm  matartd  prmurt  lint 

■SB 

8828 

3 

isB 

3/6  host 

62 

— 
B-tytttm  brikt  lint 

IB'20 

6828 

166 

20-22 

3/8  hnie 

38 

8’Systtm  rtturn  lint 

16-26 

8828 

4 

26-27 

3/8  hoM 

27 

27-28 

6828 

8 

12-24 

6A35 

14 

Common  rtturn  line 

24-25 

8836 

15 

26-28 

6A36 

226 

24-20 

8A35 

43 

i 

1 
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Figure  13.— 737 Mark  III  Arttiskid  System  Block  Diagram 


The  PBM  is  the  time  integral  of  velocity  error  and,  in  comparison  to  the  transient  control,  is 
slower  to  respond  to  error  signals.  The  PBM  determines  the  brake  pressure  when  the  wheel  is 
not  skidding.  It  reduces  the  pressure  level  during  a skid  and  gradually  increases  it  after  the 
skid.  In  this  manner,  the  system  adapts  to  varying  runway  conditions  and  also  seeks  to  keep 
braking  at  the  highest  possible  level. 

The  transient  control  is  characterized  by  a fixed  gain  and  threshold.  Its  input  is  the  velocity 
error  coming  from  the  velocity  comparator  and  thus  is  a proportional  control  when  the 
approporiate  threshold  has  been  exceeded.  The  primary  purpose  of  the  transient  control  is 
to  I educe  pressure  quickly  to  provide  wheel  recovery  from  a skid. 

The  remaining  control  element,  lead,  is  in  the  form  of  a velocity  error  rate,  which  is  coupled 
into  the  summing  amplifier.  Since  it  represents  the  rate  of  velocity  change,  a differentiation, 
it  provides  a dynamic  lead  function  that  anticipates  and  initiates  the  brake  pressure  modula- 
tion to  help  control  skids.  The  lead  control  is  used  to  quicken  the  system  response,  thus 
impioving  efficiency.  Appropriate  use  of  lead  control  can  also  improve  overall  system  strut 
damping  by  way  of  dynamic  compensation. 

The  remaining  system  components  include  the  summing  amplifier  and  valve  driver.  Signals 
from  the  PBM,  transient,  and  lead  controls  are  summed  by  the  summing  amplifier,  and  this 
output  becomes  the  driving  function  for  the  valve  driver.  The  valve  driver  provides  current 
to  the  antiskid  valve  proportional  to  the  voltage  from  the  summing  amplifier. 

c.  TOUCHDOWN  AND  LOCKED-WHEEL  PROTECTION 

For  locked-wheel  protection,  the  inboard  wheels  are  connected  as  a pair,  as  are  the  outborad 
wheels.  The  outputs  of  the  reference  velocity  circuits  of  two  paired  wheels  are  connected  to 
produce  a signal  equal  to  25%  of  the  higher  of  the  two  velocities.  When  the  velocity  of  a 
wheel  is  less  than  this  signal,  a full  dump  signal  is  applied  to  the  brake.  If  both  wheels  lock 
simultaneously,  the  normal  decay  time  of  the  reference  velocity  will  provide  a continuous 
dump  signal  for  a period  of  time.  The  system  is  armed  by  the  squat  switch  logic  when  the 
airplane  is  in  the  air,  thus  providing  touchdown  protection. 

d.  BRAKE  HYDRAULIC  SYSTEM 

The  737  brake  hydraulic  system  is  composed  of  antiskid  valves,  pilot  metering  valves,  and 
interconnecting  tubing.  In  addition  to  these  components,  the  mockup  contains  the  737-200 
autobrake  system  and  its  associated  hardware. 

The  brake  hydraulic  system  uses  a 3000-psi  supply;  both  the  supply  pressure  and  the 
maximum  brake  pressure  are  3000  psi.  The  ships  3000-psi  pressure  enters  the  piiot  meter., ig 
valve.  The  valve  is  a pressure  control  device  that  regulates  the  pressure  to  the  antiskid  valve. 
The  pilot  supplies  a manual  input  signal  to  control  the  output  pressure  of  the  valve.  In 
addition  to  being  the  antiskid  valve  supply,  the  pressure  from  the  pilot  meter  valve  is  the 
maximum  output  pressure  of  the  antiskid  valve.  The  actual  output  of  the  antiskid  valve  is 
controlled  by  the  electrical  signal  from  the  skid  control  box. 
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The  antiskid  valve,  a Hydro-Aire  product,  is  pictured  in  Figure  14.  The  unit  is  a variable  gain 
pressure  control  servo  valve.  It  is  a two-stage  valve  with  a flapper  and  nozzle  first  stage  and  a 
spool  and  sleeve  second  stage.  A permanent  magnet  torque  motor  in  the  First  stage  operates 
the  flapper.  In  the  neutral  (unenergized  state)  the  flapper  is  hard  over  against  the  return 
nozzle,  permitting  full  control  pressure  to  the  brake.  The  application  signal  from  the  control 
box  to  the  torque  motor  causes  the  flapper  to  move.  The  movement  opens  the  return 
nozzle,  allowing  some  flow  to  return  and  resulting  in  a pressure  change.  The  pressure  is 
applied  to  the  second  stage  spool.  Movement  of  the  spool  allows  the  output  of  the  antiskid 
valve  to  change.  The  hydraulic  forces  on  the  spool  work  to  position  the  spool  until  an 
equilibrium  position  is  reached. 

The  pressure  from  the  antiskid  valve  passes  through  the  autobrake  shuttle  valve  before 
entering  the  brakes. 

e.  BRAKES 

The  737  brakes  used  during  these  tests  were  manufactured  by  Bendix.  The  modulation  of 
pressure  at  the  brake  stack  causes  compression  or  relaxation  of  the  disc  stack,  which  results 
in  a controlled  brake  action. 

2.  BRAKING  SYSTEM  CHARACTERISTICS 

Various  system  and  component  characteristics  were  measured  as  part  of  the  sensitivity 
study.  Figures  I S and  1 6 depict  typical  dynamic  response  results  of  the  standard  737  brake 
hydraulic  system.  Figure  15  plots  frequency  response;  Figure  16  represents  step  response. 
Tables  5 and  6 are  compilations  of  the  dynamic  response  data  obtained  during  testing. 

Figure  17  plots  the  antiskid  valve  pressure-current  characteristics.  The  effect  of  varying  the 
pilot's  metered  pressure  is  also  shown. 

The  pressure-volume  characteristics  of  the  standard  737  brake  are  shown  in  Figure  18.  Also 
included  are  the  p-v  relationships  for  the  increased  brake  volume  and  Increased  brake  gain 
test  conditions. 
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Figure  15.  —737 Brake  Hydraulic  System  Frequency  Hi 
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Figure  16.— 737  Brake  Hydraulic  SysWm  Step  Response 
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Table  5.  —737  Frequency  Response  Data 


Teat  conditiun 

Test 

pressure 

IpsDItpall 

Resonance 
point  fre- 
quency or 
-3db  fre- 
quency (Ha) 

Gam  at 
resonance 
or  -3  db 
(db) 

Phase  angle 
at  reso- 
nance or 
-3db 
(deg) 

Frequency 
at  90° 
phase  angle 

(Hz) 

Standard 

2000  100 

14 

93.7 

— 

200 

14 

98.6 

1000  100 

18 

3.0 

124.5 

13.0 

200 

14 

3.0 

111.7 

11.2 

a.  Decrease  line 

2000  100 

16 

■3.0 

137 

11.2 

diameter 

200 

15.5 

-3.0 

140 

10.8 

1000  100 

16 

.'..0 

154 

9.9 

200 

3 

H OB 

73.7 

9.7 

b.  Increase  line 

2000  100 

9 

•3.0 

85 

9.5 

200 

9 

■3.0 

84 

9.7 

1000  100 

10 

•3,0 

96 

9.4 

200 

9 

•3.0 

89 

9.1 

c.  Move  dynamic 

2000  100 

12 

•3.0 

68.2 

17.2 

breakpoint  out 

200 

12 

-3.0 

72.2 

16.6 

160%  of  nominal 

1000  100 

17 

•3.0 

97 

15.7 

200 

14 

•3.0 

97.4 

13.B 

d.  Move  dynamic 

2000  100 

15 

•3.0 

131.5 

10.6 

breakpoint  in 

200 

15 

•3.0 

134.B 

10.5 

60%  of  nominal 

1000  100 

16 

•3.0 

144.6 

9.3 

200 

14 

•3.0 

142.2 

9.1 

e.  Restrictiois  * 

Test  not  run 
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Table  6.-737 Step  F^esponse  Data 


Prctture 

Delay  response 
time  tsec) 

Tatt  condition 

st«p 

change 

Pressure  Pressure 
increase  decrease 

a.  Decrease  line 

0-3000 

.060 

diameter 

0-2700 

.070 

0-1600 

.086 

600-3000 

.010 

600-2700 

.010 

b.  Increase  line 

0-3000 

.042 

diameter 

0-2700 

.050 

0-1500 

.060 

600-3000 

.010 

aOO'2700 

.010 

c.  Move  dynamic 

0-3000 

.050 

breakpoint  out 

0-2700 

.060 

150%  of  nominal 

0-1500 

.056 

600-3000 

.010 

600-2700 

.007 

d.  Move  dynamic 

0-3000 

breakpoint  in 

0-2700 

50%  of  nominal 

0-1600 

600-3000 

600-2700 

e.  Insert  20% 

0-3000 

return  line 

0-2700 

restriction 

0-1500 

600-3000 

600-2700 

10-in.  accumulator 


Figure  18.— 737  Brake  System  Pressure-Votume  Characteristics 


SECTION  V 

BOEING  747  BRAKE  CONTROL  SYSTEM  DESCRIPTION  AND 
SYSTEM  CHARACTERISTICS 


The  747  brake  control  system  contains  four  basic  elements:  wheel  speed  transducers,  anti- 
skid control  system,  hydraulic  system,  and  brakes. 

The  brake  hydraulic  system  mockup  is  pictured  in  Figure  19.  Line  lengths,  diameters,  bends, 
materials,  and  the  general  layout  have  been  accurately  reproduced  in  the  mockup.  Figure  20 
is  a schematic  of  the  747  brake  hydraulics.  Table  7 in  conjunction  with  this  figure  defines 
the  significant  hydraulic  system  information. 

I,  SYSTEM  DESCRIPTION 

a.  WHEEL  SPEED  TRANSDUCER 

TTie  747  wheel  speed  transducer,  pictured  in  Figure  21,  is  a self-contained  device  mounted 
in  the  axle.  It  has  two  functional  parts,  a rotor  and  a stator,  each  of  which  is  made  of 
ferrous  material  and  has  200  teeth.  A magnetic  field  is  established  by  suppiying  current  to 
the  stator  coil.  As  the  rotor  turns,  the  alternating  alignment  and  misaiignment  of  the  teeth 
in  the  rotor  and  the  stator  vary  the  reluctance  in  the  magnetic  current.  This  results  in  an 
alternation  in  the  supply  current,  which  generates  an  AC  frequency  proportional  to  wheel 
speed. 

b.  ANTISKID  CONTROL  SYSTEM 

Tt"-  Boeing  747  incorporates  the  Mark  III  skid  system  manufactured  by  Hydro-Aire  for 
brake  control.  The  system  is  represented  by  the  functional  block  diagram  in  Figure  22.  The 
wl  cel  speed  transducers  in  each  braked  wheel  provide  the  in-tantaneous  wheel  speed  infor- 
mation required  by  the  control  circuit.  The  transducer  AC  signal  is  converted  to  a DC 
voltage  in  the  frequency  converter  block.  This  DC  voltage  is  directly  proportional  to  the 
actual  wheel  speed. 

A reference  aircraft  velocity  is  provided  by  the  reference  velocity  and  reference  deceleration 
functions  shown  in  the  block  diagram.  At  touchdown,  the  velocity  comparator  develops  a 
negative  error  signal,  which  forces  the  velocity  reference  to  increase  until  the  error  signal 
ceases.  In  this  manner,  the  reference  velocity  is  initiaTeed  at  touchdown  for  the  braking 
condition  to  follow.  During  the  recovery  from  a skid,  the  wheel  spinup  action  results  in  a 
reinitialization  of  the  reference  velocity. 

The  reference  deceleration  function  provides  an  output  derived  from  the  gradually  changing 
component  of  wheel  speed;  thus,  the  output  is  proportional  to  wheel  deceleration.  The 
reference  deceleration  is  an  input  to  the  reference  velocity  function;  it  modifies  the  rate  of 
velocity  decay  as  a function  of  the  prevailing  wheel  condition. 
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Figure  22.-747 Mark  tU  Antiskid  System  Block  Dii 


The  reference  deceleration  function  provides  an  output  derived  from  the  gradually  changing 
component  of  wheel  speed;  thus,  the  output  is  proportional  to  wheel  deceleration.  The 
reference  deceleration  is  an  input  to  the  reference  velocity  function;  it  modifies  the  rate  of 
velocity  decay  as  a function  of  the  prevailing  wheel  condition. 

The  signals  from  the  frequency  converter  and  the  reference  velocity  function  are  summed  in 
the  velocity  comparator.  The  output  of  the  comparator  is  a velocity  error  signal  that  drives 
the  control  circuit,  resulting  in  pressure  modulation  at  the  brake.  The  control  circuit, 
consisting  of  the  pressure  bias  modulation  (PBM),  transient  control,  and  lead  circuits,  is 
responsible  for  normal  system  control. 

The  PBM  is  the  time  integral  of  velocity  error  and,  in  comparison  to  the  transient  control,  is 
slower  to  respond  to  error  signals.  The  PBM  determines  the  brake  pressure  when  the  wheel  is 
not  skidding.  It  reduces  the  pressure  level  during  a skid  and  gradually  increases  it  after  the 
skid.  In  this  manner,  the  system  adapts  to  varying  runway  conditions  and  also  seeks  to  keep 
braking  at  the  highest  possible  level. 

The  transient  control  is  characterized  by  a fixed  gain  and  threshold.  Its  input  is  the  velocity 
error  coming  from  the  velocity  comparator  and  thus  is  a proportional  control  when  the 
appropriate  threshold  has  been  exceeded.  The  primary  purpose  of  the  transient  control  is  to 
reduce  pressure  quickly  to  provide  wheel  recovery  from  a skid . 

The  remaining  control  element,  lead,  is  in  the  form  of  a velocity  error  rate,  which  is  coupled 
Into  the  summing  amplifier.  Since  it  represents  the  rate  of  velocity  change,  a differentiation, 
it  provides  a dynamic  lead  function  that  anticipates  and  initiates  the  brake  pressure 
modulation  to  help  control  skids.  The  lead  control  is  used  to  quicken  the  system  response, 
thus  improving  efficiency.  Appropriate  use  of  lead  control  can  also  improve  overall  system 
strut  damping  by  way  of  dynamic  compensation. 


The  remaining  system  components  include  the  summing  amplifier  and  valve  driver.  Signals 
from  the  PBM,  transient,  and  lead  controls  are  summed  by  the  summing  amplifier,  and  this 
output  becomes  the  driving  function  for  the  valve  driver.  Tlie  valve  driver  provides  current 
to  the  antiskid  valve  proportional  to  the  voltage  from  the  summing  amplifier. 


c.  TOUCHDOWN  AND  LOCKED-WHEEL  PROTECTION 

In  addition  to  normal  skid  control,  touchdown  protection  on  the  747  is  provided  by  the 
landing  gear  logic  system.  Proximity  switches  (two  per  truck)  sense  when  the  airplane  is  on 
the  ground  by  noting  that  the  trucks  are  out  of  tilt.  While  in  the  air,  the  logic  system 
supplies  a brake  release  signal  to  the  antiskid  valve.  On.;e  on  the  ground  with  at  least  two 
trucks  out  of  tilt,  the  signal  is  removed,  allowing  normal  antiskid  operation  to  occur.  Wheel 
spinup  will  override  the  touchdown  protection  signal,  permitting  normal  braking  if  the 
air-ground  sensing  switches  are  not  activated  upon  touchdown. 

Locked-wheel  protection  is  provided  for  each  wheel  having  antiskid  protection.  Four  sets  of 
four-wheel  groups  are  used.  Both  front  and  rear  left  outboard  wing  gear  wheels  are  grouped 
with  the  right  front  and  rear  inboard  body  gear  wheels.  The  same  pattern  is  used  to  combine 
the  remaining  three  locked-wheel  groups. 


— 
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Locked-wheel  protection  operates  through  the  normal  control  path  of  the  system.  The 
system  is  implemented  by  generating  a locked-wheel  reference,  which  is  a fixed  percentage 
of  the  highest  reference  velocity  of  the  locked-wheel  group.  When  the  reference  velocity  for 
a particular  wheel  is  less  than  the  locked-wheel  reference  (because  of  a wheel  lockup),  the 
locked-wheel  reference  is  used  as  the  reference  input  to  the  velocity  comparator.  This 
ensures  that  an  error  signal  is  developed  and  the  brake  released . 

d.  BRAKE  HYDRAULIC  SYSTkiM 

The  747  brake  hydraulic  system  employs  two  pilot  metering  valves  and  four  antiskid  valve 
modules  as  the  basic  system  components.  The  system  receives  3000-psi  pressure  from  the 
ships  primary  hydraulic  system.  This  pressure  is  supplied  to  the  pilot  metering  valve,  which 
is  a pressure  control  valve.  The  metering  valve  pressure,  which  is  the  antiskid  valve  supply 
pressure,  is  regulated  by  a manual  input  signal  from  the  pilot.  Depending  on  the  input,  the 
pilot  can  meter  from  zero  to  3000  psi  to  the  antiskid  valve.  The  metered  pressure  is  the 
maximum  attainable  output  pressure  of  the  antiskid  valve.  The  i "tual  output  of  the  antiskid 
valve  is  controlled  by  the  electrical  signal  from  the  skid  control  box. 

The  Hydro-Aire  Mark  HI  antiskid  valve  is  shown  in  Figure  23.  It  is  a two-stage  valve  with  a 
flapper  and  nozzle  first  stage  and  spool  and  sleeve  second  stage.  A permanent  magnet  torque 
motor  in  the  first  stage  operates  the  flapper.  The  hydraulic  bridge  built  around  the  flapper 
consists  of  two  fixed  and  two  variable  nozzles.  The  application  of  an  electrical  signal  to  the 
torque  motor  from  the  skid  control  box  causes  the  flapper  to  move  from  the  neutral 
position  (maximum  pressure).  Movement  of  the  flapper  unbalances  the  bridge,  with  a result- 
ant pressure  differential  applied  to  the  second  stage  spool.  Movement  of  the  flapper  from 
the  relaxed  position  serves  to  reduce  pilot  metered  pressure  to  the  brake.  Hie  forces  on  the 
spool  work  to  position  it  until  an  equilibrium  position  is  reached.  The  output  of  the  antiskid 
valve  provides  the  control  pressure  to  the  brakes. 

e.  BRAKES 

The  brakes  used  during  the  sensitivity  study  were  manufactured  by  Bendix.  The  modulation 
of  pressure  from  the  antiskid  valve  causes  compression  or  relaxation  of  the  brake  slack. 
Such  action  results  in  a controlled  braking  action. 

2.  BRAKE  SYSTEM  CHARACTERISTICS 

As  part  of  the  sensitivity  study,  the  characteristics  of  the  brake  system  were  measured.  The 
dynamic  response  of  the  standard  747  hydraulic  system  is  shown  in  Figures  24  and  25. 
Figure  24  plots  a typical  frequency  response  of  the  system,  while  Figure  25  represents  step 
response.  Tables  8 and  9 compile  the  dynamic  response  data  resulting  from  hydraulic  system 
changes. 

The  pressure-current  characteristics  jf  the  747  antiskid  valve  arc  shown  in  Figure  26.  The 
effect  of  varying  the  pilot  metered  pressure  is  depicted  by  the  different  curves. 

The  pressure-volume  relationship  of  the  standard  747  brake  is  shown  in  Figure  27.  Also 
shown  are  the  p-v  characteristics  for  the  increased  brake  volume  and  increased  brake  gain 
test  conditions. 
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Frequency  (Hz) 

Figure  24.-747  Brake  HYdrautic  System  Frequency  Response 


Figure  26.-747  Antiskid  Valve  Pressure-Current  Oiaracteristics 


SECTION  VI 

C-141  BRAKE  CONTROL  SYSTEM  DESCRIPTION  AND 
SYSTEM  CHARACTERISTICS 

The  C-14I  brake  control  system  includes  the  brake  hydraulic  system,  antiskid  control 
system,  wheel  speed  transducers,  and  brakes.  The  brake  hydraulic  system  mockup  used 
during  the  sensitivity  study  is  pictured  in  Figure  28.  A schematic  identifying  the  mockup 
components  is  given  in  Figure  29,  This  Figure  and  Table  1 0 specify  the  line  dimensions  and 
materials  used  in  the  mockup. 

1.  SYSTEMS  DESCRIPTION 

a.  WHEEL  SPEED  TRANSDI ICER 

The  C-141  wheel  speed  transducer,  as  pictured  in  Figure  30.  provides  the  antiskid  control 
system  with  instantaneous  wheel  sped  information.  The  device  is  self-contained;  a unit  is 
mounted  in  the  axle  of  each  wheel.  The  transducer  is  a simple  AC  generator  providing  six 
cycles  per  wheel  revolution.  The  signal  is  amplitude-modulated  in  addition  to  the  frequency 
modulation  typical  of  wheel  speed  transducers.  Both  the  frequency  and  amplitude  are 
proportional  to  wheel  speed. 

b.  ANTISKID  CONTROL  SYSTEM 

The  C-141  antiskid  control  system,  designed  by  Bendix,  provides  individual  skid  protection 
for  the  eight  main  wheels  of  the  aircraft.  The  Bendix  system  is  represented  by  Figure  31  in  a 
simplified  form. 

The  axle-mounted  wheel  speed  transducer  provides  instantaneous  wheel  speed  information 
to  the  control  circuit.  The  transducer  signal  enters  the  circuit  at  the  rate  sensing  block, 
where  it  is  conditioned  and  rectified  to  produce  a DC  voltage.  The  DC  voltage  is  proportion- 
al to  wheel  speed.  The  DC  wheel  syeed  signal  is  differentiated,  yielding  the  wheel  decelera- 
tion used  for  primary  antiskid  control.  The  wheel  deceleration  is  compared  to  a preset  value. 
When  the  fixed  declaration  level  is  exceeded,  the  degree  of  rate  circuit  supplies  a signal  to 
the  antiskid  valve,  which  results  in  brake  release.  Two  levels  of  control  arc  provided  by 
circuit  logic.  The  first  level  is  initiated  when  a small  deceleration  rate  occurs,  This  causes  the 
rate-sensing  circuit  to  activate  the  Step  1 circuit,  which  energizes  the  Step  1 solenoid  of  the 
control  valve.  The  result  of  this  action  is  a moderate  brake  release.  For  larger  decelerations, 
the  Step  2 circuit  is  activated,  energizing  the  Step  2 solenoid  and  resulting  in  fast  brake 
release. 

As  the  wheel  spins  up  and  the  actual  wheel  deceleration  becomes  less  than  the  control 
thresholds,  the  Step  1 and  Step  2 solenoids  are  deenergized.  Reapplication  of  pressure  is 
controlled  by  the  antiskid  valve  and  not  the  control  circuit.  A schematic  of  the  antiskid 
valve  is  shown  in  Figure  32. 
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Table  10.-C- 14 1 Brake  Hydraulic  System  Mockup 


Doscription 

Index 

point 

(from-to) 

Line 

size 

Lina 

length 

(in.) 

Common  supply  line 

1-2 

50 

2-3 

12 

Common  metered  pressure  line 

4-5 

4S20 

807 

Common  No.  2 pressure  supply  line 

8-9 

BS35 

120 

A-system  metered  pressure  line 

6-7 

4S20 

10 

A-system  brake  line 

■SB 

6S28 

23.6 

8S35 

336 

llB 

3/8  hose 

36 

A'System  No.  2 pressure  supply  line 

9-11 

6S28 

12 

B'system  metered  pressure  line 

6-6 

4S20 

10 

B'lystem  brake  line 

Stepi 


c.  TOUCHDOWN  AND  LOCKED-WHEEL  PROTECTION 


The  locked-wheel  protection  consists  of  an  arming  circuit  and  a sensing  circuit.  The  sensing 
circuit  determines  if  the  wheei  is  turning  at  a rate  faster  than  85  rpm  (IS  mph).  When  the 
wheci  is  rotating  faster  than  this  speed,  a signal  is  supplied  to  the  arming  circuit;  if  not,  a 
signal  is  produced,  if  the  system  is  armed,  to  activate  the  Step  1 and  2 solenoids. 

For  arming,  the  four  forward  wheels  and  the  four  aft  wheels  are  paired.  The  system  is  armed 
when  any  of  the  four  wheels  is  rotating  faster  than  85  rpm.  A time  delay  circuit  prevents 
disarming  for  momentary  lockup  of  all  four  wheels.  Touchdown  protection  is  provided  by 
arming  the  system  in  the  air  using  squat  switch  logic. 

d.  BRAKE  HYDRAULIC  SYSTEM 

The  brake  hydraulic  system  has  two  major  components:  a pilot  metering  valve  and  an 
antiskid  valve.  The  system  is  supplied  with  3000-psi  pressure  from  the  ships  hydraulic 
system  to  the  pilot  metering  valve.  The  valve  is  a pressure  control  device  with  an  output 
pressure  limited  to  2200  psi.  The  aircraft  h-  ^ ri^t  and  left  metering  valves  allowing  the  pilot 
to  employ  differential  braking.  The  pilot  metered  pressure,  which  is  an  input  to  the  antiskid 
valve,  is  the  maximum  available  pressure  at  the  brake.  The  actual  pressure  at  the  brake  is 
controlled  by  the  electrical  signal  from  the  skid  control  box  and  antiskid  valve. 

Unlike  the  more  advanced  systems,  which  employ  pressure  control  valves,  the  C-141  anti- 
skid valve  is  a simple  solenoid  valve.  In  addition  to  the  .-ontrol  pressure  from  the  pilot 
metering  valve,  the  antiskid  valve  has  a second  supply  that  provides  3000-psi  pressure  and 
serves  as  the  main  hydraulic  supply  to  the  brakes.  The  3000-psi  is  reduced  to  a maximum 
output  pressure  of  2200  psi  by  a force  balance  within  tlie  antiskid  valve.  The  control  box 
supplies  a signal  to  the  antiskid  valve,  resulting  in  a pressure  dump  to  zero  pressure.  The 
actual  dump  rate  is  determined  by  an  orifice  and  by  two  solenoids,  which  are  termed  Step  1 
and  Step  2 solenoids. 

Activation  of  Step  1 allows  the  control  pressure  to  dump  through  an  orifice.  This  results  in  a 
moderate  dump  rate.  Activation  of  the  Step  2 solenoid  opens  the  brake  and  control  pres- 
sures directly  to  return,  causing  a very  fast  pressure  dump.  Reapplication  of  pressure  is 
initiated  after  both  solenoids  have  been  deenergized.  The  pilot  control  pressure  is  then 
metered  through  an  orifice.  The  orifice  size  determines  the  reapplication  pressure  rate. 

e.  BRAKES 

The  C-141  brakes  used  in  the  mockup  were  six-rotor  steel  brakes.  The  modulation  of 
pressure  from  the  antiskid  valve  causes  the  brake  stack  to  compress  or  release.  This  action 
results  in  a controlled  braking  action. 

2.  BRAKING  SYSTEM  CHARACTERISTICS 

During  the  sensitivity  study  various  system  and  component  characteristics  were  measured. 
The  dynamic  response  of  the  standard  C-141  hydraulic  system  is  shown  in  Figure  33.  This 
figure  is  a representative  step  response  curve  for  the  system.  Table  1 1 compiles  the  step 
response  data  resulting  from  the  hydraulic  system  changes. 
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b.  Increased  line 
diameter 

1 

1.2 

.026 

' .026 

.230 

.067 

c.  Move  dynamic 

1 

.020 

.223 

1 breakpoint  out 
160%  of  nominal 

1,2 

.020 

.040 

1 ' 

d.  Move  dynamic 

1 

1 

.036 

.230 

breakpoint  in  ! 

60%  of  nominal 

1 

1.2 

.036 

.065 

e.  Insert  20% 

1 

.027 

.215 

return  line 
restriction 

1,2 

.027 

.066 

Data 


Pressure  increase 

M 

Delay 
response 
time  (sec) 

Slope 

(psi/sec) 

Level 

(psi) 

■ 

0.032 

m 

■ 

300 

■ 

.030 

2160 

300 

.226 

1060 

900 

.026 

2600 

300 

.120 

1060 

800 

.036 

1670 

320 

.210 

1408 

950 

.036 

2260 

310 

.160 

1100 

840 
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The  frequency  response  end  pressure-current  characteristics  were  not  run  on  this  system 
because  of  the  nature  of  the  antiskid  valve. 

The  pressure-volume  characteristics  of  the  standard  C-141  brake  is  shown  in  Figure  34.  Also 
included  arc  the  p-v  relationships  for  the  increased  brake  volume  and  increased  brake  gain 
tests. 


Figure  34.  -C- 14 1 Brake  Sys^m  Pressure-  Volume  Characteristics 


SECTION  VII 

F-4  BRAKE  CONTROL  SYSTEM  DESCRIPTION  AND 
SYSTEM  CHARACTERISTICS 


The  F-4  brake  control  system  consists  of  four  basic  elements;  wheel  speed  transducer, 
antiskid  control  system,  brake  hydraulic  system,  and  brakes.  The  hydraulic  mockup  used  in 
the  sensitivity  studies  is  shown  in  Figure  35.  The  mockup  was  loaned  to  The  Boeing 
Company  by  Hydro-Aire  for  this  series  of  tests.  Figure  36  is  a detailed  schematic  of  the 
actual  system  tested.  Table  12  lists  the  pertinent  dimensions  and  materials  used  in  the 
hydraulic  simulator. 

1.  SYSTEM  DESCRIPTION 

a.  WHEEL  SPEED  TRANSDUCER 

The  F-4  wheel  speed  transducer  provides  the  antiskid  control  box  with  the  required  instan- 
taneous wheel  speed  information.  The  transducer  is  a two-part  device,  consisting  of  a rotor 
and  an  electromagnetic  sensor.  The  sensor  is  mounted  in  the  brake  housing  and  is  stationary. 
The  rotor  (sensor  exciter  ring)  is  mounted  on  the  wheel  assembly  and  contains  90  teeth.  The 
sensor,  which  consists  of  a permanent  magnetic  and  coil,  creates  a magnetic  field.  As  the 
rotor  passes  through  the  field,  the  alternating  alignment  and  misalignment  of  the  rotor  teeth 
and  the  sensor  vary  the  reluctance  in  the  magnetic  current.  This  results  in  an  alternating 
current  with  frequency  proportional  to  wheel  speed. 

b.  ANTISKID  CONTROL  SYSTEM 

The  F-4  Hytrol  Mark  II  skid  control  system  tested  is  represented  in  block  diagram  form  by 
Figure  37.  The  system  requires  active  wheel  speed  inputs.  This  information  is  provided  by  a 
transducer  located  at  each  braked  wheel.  The  transducer  AC  signal  is  converted  to  a DC 
voltage  in  the  control  box  by  the  squaring  circuit  and  velocity  amplifier.  The  squaring 
circuit  converts  the  sinusoidal  wheel  speed  signal  of  a square  wave  with  frequency  propor- 
tional to  the  wheel  speed.  The  velocity  amplifier  then  reduces  the  square  wave  to  a DC 
voltage.  The  level  of  the  DC  voltage  is  a measure  of  the  true  wheel  speed. 

The  DC  wheel  speed  is  differentiated  in  the  rate  amplifier  to  produce  instantaneous  wheel 
deceleration.  This  deceleration  is  compared  to  a fixed  threshold  value;  when  the  actual 
wheel  deceleration  exceeds  the  threshold,  a brake  release  signal  is  initiated.  The  duration 
and  magnitude  of  the  brake  release  is  based  on  the  absolute  wheel  speed  departure.  In 
addition  to  this  proportional  control  a pressure  bias  modulation  (PBM)  circuit  provides  an 
extension  of  the  original  control  signal  a^'er  the  wheel  has  recovered  from  a skid.  During  a 
skid,  the  PBM  is  charged  to  a level  prr  .iional  to  the  duration  and  magnitude  of  the  skid. 
After  the  wheel  has  recovered  from  a skid,  the  PBM  discharges  ramping  pressure  on.  To 
ensure  that  the  same  brake  pressure  is  not  reapplied  after  a skid.  Hie  PBM  is  charged  to  a 
higher  value  than  it  had  previous  t,n  the  skid. 
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Figure  37.-F-4  Antiskid  System  Block  Diagram 


The  remaining  component  of  the  system  is  the  valve  driver,  which  provides  current  to  the 
electrohydraulic  antiskid  servo  valve  for  a given  voltage  input  from  the  rate  ampiifier. 

The  Mark  II  system  used  on  the  F-4  provides  paired  skid  control  to  the  two  main  gear 
wheels.  Paired  skid  control  supplies  a brake  release  signal  to  both  wheels  even  though  only 
one  wheel  may  be  skidding. 

c.  LOCKED-WHEEL  PROTECTION 


c.  ii 


The  locked-wheei  protection  consists  of  a second  rate  threshold . When  the  deceleration  rate 
of  the  wheel  exceeds  120  rad/sec^,  a full  dump  signal  is  applied  to  the  valve.  Duration  of  the 
dump  is  a function  of  the  recovery  time  of  the  detection  circuitry. 


d.  BRAKE  HYDRAULIC  SYSTEM 


The  F-4  brake  hydraulic  system  is  composed  of  two  pilot  metering  valves,  one  dual  antiskid 
valve,  and  the  associated  tubing.  The  system  requires  a 3000-psi  pressure  supply  to  the  pilot 
metering  valves.  The  metering  valves  are  pressure  control  devices  capable  of  metering  a 
desired  pressure  level.  The  two  valves,  right  and  left,  supply  pressure  to  the  second  stages  of 
the  right  and  left  antiskid  valves.  The  metered  pressure  level  determines  the  maximum 
pressure  available  at  the  brakes.  With  an  independent  supply  pressure  to  each  antiskid  valve, 
the  pilot  is  capable  of  applying  differential  braking  for  directional  control. 

The  antiskid  valves  are  electrohydraulic  pressure  control  devices.  The  two  valves  required  by 
the  F4  have  been  integrated  into  a single  dual  valve  module,  as  shown  in  Figure  38.  The 
antiskid  module  has  a common  first  stage  and  two  independent  second  stages.  The  first  stage 
consists  of  a I upper  and  nozzle  while  the  second  stages  incorporate  a spool  and  sleeve 
arrangement.  The  design  of  this  valve  is  unusual;  in  addition  to  the  two  independent 
second-stage  supplies  from  the  meter  valve,  a third  supply  pressure  is  required  for  the  first 
stage.  The  higher  of  the  two  pilot  metered  pressure  levels  acts  as  the  supply  to  the  first 
stage.  This  is  accomplished  through  logic  provided  by  two  check  valves  on  the  inlet  side  of 
the  first  stage.  In  addition  to  the  supply  pressures,  the  antiskid  valve  is  supplied  with  an 
electrical  signal  from  the  skid  control  box.  The  signal  is  applied  to  a permanent  magnet 
torque  motor  that  causes  the  flapper  in  the  first  stage  to  move  from  the  neutral  position. 
Movement  unbalances  the  hydraulic  bridge  formed  by  the  first  stage  nozzles:  the  resulting 
differential  pressure  is  applied  to  the  second  stage  spool.  Movement  of  the  spool  allows  the 
output  of  the  antiskid  valve  to  change.  The  hydraulic  forces  on  the  spool  work  to  position 
the  spool  until  equilibrium  position  and  pressure  are  reached.  The  output  of  the  antiskid 
valve  is  then  transmitted  to  the  brake. 

e.  BRAKES 

The  F4  brakes  used  on  the  mockup  were  an  eight-rotor  brake.  The  modulation  of  iressure 
from  the  antiskid  valve  causes  the  brake  stack  to  compress  or  release,  resulting  in  a control- 
led braking  action. 
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FigurQ  38.-F-4  Antiskid  Vaive  Schematic  (Dual  Valve)  (Shown  Deenergized; 
Full  Pilot  Metered  Pressure) 


2.  BRAKING  SYSTEM  CHARACTERISTICS 


During  the  analysis  of  tl;  -,  hydraulic  system,  various  system  and  component  characteristics 
were  measured.  The  dynamic  response  of  the  standard  F-4  brake  hydraulic  system  is  shown 
in  Figures  39  and  40.  Figure  39  plots  the  system  frequency  response,  while  Figure  40 
represents  step  response.  The  dynamic  response  data  resulting  from  changes  to  the  hydraulic 
system  is  compiied  in  Tables  13  and  14. 

The  pressure-current  characteristics  of  the  antiskid  valve  are  plotted  in  Figure  4 1 . The  effect 
of  varying  the  metered  pressure  is  depicted  by  the  three  differen!  curves. 

Figure  42  plots  the  pressure-volume  relationship  of  the  standard  F-4  brake.  Also  included 
are  the  p-v  relationships  for  the  increased  brake  volume  and  increased  brake  gain  tests. 
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Time  tsec) 

Figure  40.-F-4  Brake  Hydraulic  System  Step  Response 


Figure  41.-F-4  Antiskid  Valve  Pressure-Current  Characteristics 


SECTION  VIII 


REGION  OF  ANTISKID  SYSTEM  OPERATION  ON  MU-SUP  CURVE 


The  purpose  of  an  antiskid  system  is  to  maximize  the  braking  effort  and  at  the  same  time 
prevent  tire  skidding.  The  actual  ievel  of  braking  attained  is  a direct  result  of  the  antiskid 
system  design  and  implementation.  During  the  sensitivity  studies,  an  effort  was  made  to 
measure  how  effective  each  antiskid  system  was  at  maximizing  braking.  To  determine  the 
level  of  operation,  an  oscilloscope  was  used  to  plot  ground  friction  (mu)  verses  wheel  slip. 
The  ideal  antiskid  system  shouid  operate  at  the  peak  of  the  mu-slip  curve,  maximizing 
friction  and  limiting  slip.  Actual  systems  operate  over  a region  of  slip  and  at  friction  levels 
lower  than  maximurn.  Early  antiskid  systems  tend  to  operate  over  a wide  range  of  slip, 
which  results  in  a very  low  friction  level.  Present  systems  are  designed  to  operate  over  a 
smalier  slip  region  near  the  peak  friction  value. 

The  actual  region  of  mu-slip  operation  is  described  for  each  antiskid  system  in  the  following 
paragraphs.  Regions  I,  II,  III,  and  IV  as  depicted  in  Figure  43,  will  be  used  to  define  the 
operational  characteristics  ol  each  system. 

1 . Boeing  727  Mark  II 

The  Boeing  727  Mark  II  antiskid  system  operates  in  regions  II  and  III  at  all  values  of  peak 
mu.  During  high-speed  operation,  the  system  cycles  in  region  II  only.  However,  as  the 
aircraft  slows,  deep  skids  occur,  extending  system  operation  into  region  III.  As  brake  re- 
leases occur,  the  system  recovers  from  the  high  slip  condition  by  cycling  up  the  back  side  of 
the  curve  into  region  II. 

2.  Boeing  737  Mark  III 

The  Boeing  737  Mark  III  system  operates  around  the  peak  of  the  mu-slip  curve  at  all  peak 
available  mu  levels.  At  high  peak  mu  levels,  the  system  operates  in  region  II.  At  lower  peak 
mu  values  (0.1  and  below),  the  system  allows  the  wheel  to  go  into  deeper  skids,  operating  in 
ref  ans  II  and  III. 

3.  Boeing  747  Mark  III 

The  747  Antiskid  System  limits  slip  ‘ > about  20-30%  for  peak  mu  values  as  low  as  0.2. 
Thus,  it  operates  predominatelv  in  regioi.  ll.  As  available  friction  drops  below  0.2,  the  wheel 
goes  into  deeper  skids,  reaching  about  60%  slip  (region  ill)  and  then  cycling  hack  into 
region  II  and  the  brakes  release. 

4.  C-141 

The  Bendix  C-141  antiskid  system  operates  over  the  entire  range  of  slip,  regions  i,  11,  111, 
and  IV,  at  all  values  of  available  ground  friction.  The  system  simply  cycles  between  thi, 
free-rolling  to  the  locked-wheel  condition  during  the  entire  stop.  Thus  the  system  ope.-ates 
below  the  peak  friction  value  most  of  the  time. 
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SECTION  IX 

DETAILED  SENSITIVITY  STUDY  TEST  PROCEDURE  AND  SEQUENCE 


1.  TEST  PROCEDURE 

The  sensitivity  study  of  the  braking  segment  -onsisted  of  nine  separate  system  tests.  Tlte 
tests  were  implemented  as  the  system  pan  ■ were  varied,  one  at  a time,  to  detennine 
the  sensitivity  of  aircraft  performance  to , i'  ie  . ’’  I.  - tests  can  be  divided  into  three 
categories: 

• Stability  studies 

• Performance  studies 

• Hydraulic  system  studies 

The  tests  performed  in  each  of  these  categories  are  outlined  below, 

a,  STRUT  STABILITY  STUDIES  (Test  1) 

System  stability  is  directly  related  to  stopping  performance  in  that  severe  instability  will 
result  in  loss  of  braking  and  can  present  a serious  safety  hazard.  In  this  study,  the  ahilily  of 
a brake  control  system  to  contribute  to  the  stability  of  the  landing  gear  was  evaliiaied.  The 
stability  margin  of  the  system  was  determined  by  finding  the  damping  required  for  slahilily. 

The  purpose  of  the  test  was  to  determine  the  contribution  of  llie  brake  control  system  to 
landing  gear  oscillations.  During  a run,  the  brake  torque  was  caused  to  peak  from  its 
nominal  value  to  its  maximum  value  numerous  times  during  a slop.  The  timing  was  varied  so 
that  the  steps  would  occur  during  all  operational  modes  of  tlte  control  system,  file  strut 
displacement  was  monitored  to  determine  the  inllticnce  of  the  control  system  on  strut 
stability.  Two  gear  frequencies  were  evaluated  to  cover  the  expected  range  ol  natural  fre- 
quencies for  the  system.  Gear  damping  was  varied  to  find  the  point  wliere  the  system 
becomes  unstable. 

Gear  compliance  and  its  effect  on  the  wheel  perturbations  was  also  tested.  The  ability  of  the 
system  to  dampen  gear  oscillations  for  two  different  compliances  was  assessed. 

b.  PERFORMANCE  STUDIES 

The  brake  system  was  evaluated  under  four  different  conditions  cliosen  to  provide  a 
measure  of  its  performance  capability.  These  include  airplane  touchdown  dynamics, 
stabilized  landing,  step  mu  change,  and  wet  runway.  Of  the  four  tests,  three  fall  into  the 
general  category  of  system  adaptability  to  typical  operating  conditions.  Icy  or  wet  patches 
on  an  otherwise  dry  runway  were  simulated  by  the  step  mu  test.  Typical  load  clianges 
encountered  during  high  sink  rate  landings  were  simulated.  Mu  changes  with  speed  as 
encountered  on  a wet  i unway  were  evaluated.  The  other  condition  covers  the  general 
category  of  stabilized  performance. 
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I.  Touchdown  Dynamics  (Test  2) 


The  purpose  was  to  determine  transient  response  upon  touchdown.  During  testing,  the  air 
vehicles  were  braked  at  a preselected  brake  application  speed  Vy^.  During  the  braking  run 
from  speed  to  Vg,  mu  was  varied  in  a manner  to  simulate  a typical  touchdown  load 
profile  of  the  airplane  being  tested.  The  available  ground  mu  was  restored  to  its  full  initial 
maximum  value  when  braked-vehicle  speed  reached  a value  of  Vg.  Full  pilot  metered 
pressure  was  available  during  this  and  other  runs,  unless  specifically  mentioned  otherwise. 


2.  Stabilized  Landing  (Test  3) 


The  purpose  of  these  tests  was  to  measure  brake  system  efficiency  under  a stabilized  braked 
condition  and  to  determine  the  skid  index  and  cornering  index.  The  tests  determined  a 
baseline  performance  for  each  system. 


During  the  tests,  the  vehicle  was  braked  at  a preselected  braked  speed  Vgy^.  Braking  was 
continued  until  the  vehicle  was  brought  to  a full  stop.  During  these  tests,  the  available 
maximum  ground  mu  was  held  at  a constant  value  throughout  the  entire  run.  This  value  was 
varied  from  one  run  to  another  to  cover  the  entire  range  of  available  ground  mu  (0.05, 0.1 , 
0.2,  0.3,  0.4,  0.5,  and  0.6).  A random  noise  generator  was  used  to  input  a disturbance  on 
mu  to  simulate  a typical  runway  roughness  profile  for  selected  conditions. 


3.  Mu  Steps  (Test  4) 


The  purpose  of  this  test  was  to  measure  brake  system  adaptability  during  adverse  runway 
conditions,  such  as  tar  strips  or  icy  patches  on  the  runway. 

The  test  was  designed  to  simulate  sudden  changes  of  available  ground  mu  resulting  from 
water  puddles,  icy  patches,  or  the  presence  of  tar  strips. 


The  braking  run  proceeded  (or  the  first  few  seconds  with  a high  available  mu.  Then  the  first 
of  several  mu  step  changes  occurred.  Each  consisted  of  a pulse  width  of  750  milliseconds 
dropping  the  mu  to  0.1.  After  each  pulse,  the  mu  was  restored  to  Us  high  value  for  5 
seconds.  Thus  during  the  test,  the  system  was  subjected  to  several  step  changes  so  that  its 
operation  under  a variety  of  conditions  could  be  observed.  A poorer  performing  system 
encountered  more  step  changes  th.-in  a better  system. 

4.  Wet  Runway  (Test  5) 


The  purpose  of  this  test  was  to  study  system  performance  under  adverse  runway  condi- 
tions. During  the  test,  the  value  of  peak  available  ground  mu  was  made  to  vary  from  a low 
value  at  high  speed  to  a high  value  at  low  speed  (Figure  44).  This  relationship  is  representa- 
tive of  the  available  ground  mu  normally  encountered  on  a wet  runway.  The  value  of  mu  at 
high  speed  was  modified  in  some  cases  to  allow  the  wheel  ample  ground  friction  to  spin  up 
the  wheel. 
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S.  Hydraulic  System  Response  (Tests  6 and  7) 

Frequency  response  and  step  response  tests  were  run  on  the  brake  hydraulic  system.  Fre- 
quency response  tests  were  run  over  the  frequency  range  of  0.5  to  SO  Hz  and  at  amplitudes 
of  ±100  psi  and  ±200  psi.  This  test  was  conducted  at  mean  pressure  levels  of  33%  and  66% 
of  supply  pressure. 

The  step  response  curves  consisted  of  the  following  steps  indicated  in  percentage  of  supply 
pressure: 


From 

To 

0 

50 

0 

90 

100 

20 

100 

0 

90 

20 

The  input  to  both  tests  was  valve  current,  and  the  output  was  the  pressure  at  the  brake. 

6.  /Vntlskld  Valve  Characteristics  (Test  8) 

Static  pressure  versus  current  curves  were  also  run  on  the  servo  valve  for  each  airplane  at 
metered  pressure  levels  of  33%,  66%,  and  100%  of  supply. 

7.  Hydraulic  System  Pressure- Volume  Characteristics  (Test  9) 

Pressure-volume  characteristics  were  measured  for  each  brake  The  test  conditions  are  listed 
in  ASD-TR-74-41 , Volume  1,  Section  V. 

2.  TEST  SEQUENCE 


The  sequence  of  the  tests  is  given  in  Table  15. 


Table  IS.— Test  Sequence 


Variable  changed 


Baseline 

1-9 

la 

3,5  1 

lb 

3,5 

2a 

3.5 

2b 

3,5 

2c 

3,5 

i "" 

3,5 

3a 

3,6 

3b 

3,6 

1 

4a 

2,  3,6 

4b 

2,  3,6 

1 

4c  1 

3,6 

4d 

3,5 

4e 

3,6 

4f 

3.5 

5a 

♦,  2.  3.  5 

6b 

1,  2,  3.  6 

5c 

1.2.  3.5 

i 

5d 

1.  2.  3,  6 

'yy.  'A'  '“B 

'yy-  '-A'  ““B 

''app 

''app 

Spoiler  time 
Spoiler  time 

Cl  Cd 
Cl.Cd 

Pso' 

Pressure  application  rate 
Pressure  application  rate 
Pressure  application  time 
Pressure  application  time 


Runway  and  EnvIrtMinsental  System 


Baseline 

3,  5 

la 

3.6 

1b 

3,  6 

1c 

3,5 

2a,  b 

3,  6 

3a 

3.5 

3b 

4 

Runway  roughness 
Runway  discontinuities 


Tables  16  through  25  contain  the  numerical  values  of  the  performance  indices  for  all  of  the 
aircraft  tested.  Listed  for  each  test  condition  is  the  available  friction  (mu),  airplane  braking 
distance  (Xa),  perfect  braking  distance  (Xp),  braking  distance  efficiency  (tjs),  developed  mu 
efficiency  (riD)i  index  (SI),  and  cornering  index  (Cl). 
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Table  17.-727 Sensitivity  Test  Data 
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Table  17.-727  Sensitivity  Test  Data  (Continued) 
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mmMtMBMiniiimviinB^raKCT 

unaiuMhiauiigaBMiiaiiBmi 

■ lliWPBWBTWlTalllWM^IBMggiEy 


Table  21.-747  Sensitivity  Test  Data  (Continued) 
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MtggKimtgpgiisBggmjal 

^jiaTjiwiiiiS^  

——■B— 

wiminn,wwn.rwrwwi— — — wi - 

MisMmamnitnaiiiBaKEsnil 

■PfmPTBHHaMHip[CBXIISX3lia3l£ICI33iK3Eai 

■■■■■■■■■■I  iw  ■«■■■■■■  fifilBHil 

fHwmww.'.'.wiwwBi— — MWi— ■! 

■■wwwwtwwwMiBywiiMiiEgKfflaKgatgaii 

BBBBMWiMWMrBiB3BHEEHmE3K&IWmm 

HM  CBQ  DBII3EE]  B3UI  KE&i  ESU 

■■SBSSSBShhm  ■ SS  I^SSl  I 

l|inilM»ll!i|MMiwWMIMIIIhlllllllBIIII  imilll  IHiH 

r^«aaiia3iiKiBgaP3E|g™i 

ramiimujEnniBaijmjp™i 

^■KCgiEgnMmcng^t^iiLi»rVicn 

fll  ESZ9  HIH  EEm  IQQ3  KQD3 

IBP^B  DiED  E^SSl  KESZ3  KSBB9 1 

■■iHilHIHHHI  KH  KSO  EBO  CEm  ElEEl  ISSI  ESSO 

■■wTOjBBMgBMBj^CTgMianiEgaaKBi^gg 


Table  2P.—C‘141  Baseline  Braking  Data 


Condition 

Mu 

wm 

■a 

D 

SI 

Cl 

Ten  2; 

Touchdown 

o.a 

2064 

1227 

60.46 

55.84 

27.96 

40.98 

dynamics 

■■ 

2976 

1693 

66.91 

60.24 

23.49 

29.46 

6046 

2607 

47.0. 

30.03 

17.61 

11.70 

Tnt  3: 

Stabilized 

0.6 

1B41 

1227 

66.65 

56.88 

26.09 

44.67 

landing 

0.5 

2223 

1418 

63.79 

23.06 

40.32 

0,4 

2782 

1603 

61.62 

62.69 

20.71 

34.92 

0.3 

3813 

2123 

66.68 

40.97 

19.26 

2F.23 

0.2 

0.1" 

6660 

2897 

61.27 

16.03 

18.63 

Test  4: 

■ 

■ 

Mu  steps 

0.1  to  0.6 

2451 

H 

H 

63.20 

20.0B 

38.36 

Test  6: 

Wet  runway 

0.1160  to  0.6 

6033 

2906 

69.63 

41.91 

17.84 

21.14 

* Teit  not  run. 

**  System  would  not  operate. 
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|PWI 
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Table  2S.  -F-4  Sensitivity  Test  Data  (Continued) 
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iWggmiMIEliBEHHU 
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iiiii'iiuiurr'mi 
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SECTION  XI 

STABILITY  TEST  RESULTS 


1.  STRUT  RESPONSE  DAMPING 

In  addition  to  the  performance  studies,  stability  studies  were  conducted  to  evaluate  the 
tendency  of  a skid  control  system  to  contribute  to  the  stability  of  the  landing  gear.  These 
tests  were  designed  to  measure  system  ability  to  provide  damping  to  the  strut  motion  or, 
conversely , its  tendency  to  couple  in  the  oscillation,  thereby  causing  divergence. 

The  fore-aft  damping  in  the  landing  gear  model  was  varied  until  the  point  of  divergent  gear 
oscillation  was  reached.  The  damping  ratio  was  then  determir  cd  at  this  point.  By  comparing 
the  damping  ratio  of  the  baseline  airplane  to  the  damping  ratio  resulting  from  a parameter 
change,  a qualitative  statement  may  be  made  about  the  effect  such  a change  would  have  on 
gear  stability  and  stopping  performance. 

The  damping  ratio  is  a measure  of  how  fast  strut  oscillations  are  attenuated.  To  determine 
the  damping  ratio  a step  torque  input  was  made  to  the  strut  model.  The  resulting  strut 
displacement  was  monitored  as  a function  of  time.  The  damping  ratio  was  then  calculated 
from; 


2irn 


wnere: 


i = damping  ratio 
n = number  of  full  strut  oscillations 
Aq  = strut  amplitude  at  time  zero 
A(t)  = strut  amplitude  after  n strut  oscillations. 


The  damping  ratios  and  the  related  test  conditions  are  listed  in  Table  26  for  each  aircraft. 
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(Test  II  (Concluded! 


2.  MU-SUP  CURVE  SHAPE  VARIATIONS 

An  important  aspect  of  the  landing  gear  model  was  the  simulation  of  tire-runway  friction. 
For  the  sensitivity  studies,  the  coefficient  of  ground  friction  was  taken  to  be  a function  of 
the  percentage  of  tire  slippage.  The  actual  mu-slip  curve  used  for  the  baseline  condition  is 
well  documented  thioughout  the  aircraft  industry  and  is  the  result  of  numerous  test  pro- 
grams. These  tests  have  pointed  out  that  various  tire  and  runway  parameters  have  an  effect 
on  the  actual  shape  of  the  mu-slip  curve.  In  addition,  each  skid  control  system  has  a 
significant  impact  on  the  shape  because  of  their  difference  in  thermal  management.  This 
affects  both  the  peak  n.u  and  slope  of  the  back  side  of  the  mu-slip  curve.  The  relationship 
between  ground  friction  and  tire  slippage  was  changed  and  braking  performance  recorded  to 
evaluate  the  consequence  of  different  mu-slip  curves.  The  mu-slip  curves  used  in  these 
sensitivity  tests  are  depicted  in  Figure  B-S,  ASD-TR-7441,  Volume  I,  Appendix  B,  along 
with  the  baseline  curve. 

The  braking  performance  resulting  from  these  tests  is  random.  The  randomness  resulted 
from  the  difference  in  operational  characteristics  of  each  antiskid  system.  Thus,  to  ad- 
equately analyze  the  braking  performance  results,  each  airplane  must  be  considered 
individually.  The  following  paragraphs  explain  how  each  antiskid  system  reacted  to  the 
changed  mu-slip  curve,  thus  producing  the  recorded  braking  performance.  The  regions  over 
which  each  antiskid  system  operates,  as  deHned  in  Section  Vlll,  help  to  explain  the  per- 
formance. Each  system  operated  over  the  same  range  of  slip  ragardless  of  the  curve  shape. 

a.  TIRE  INFLATION  PRESSURE  12W  OF  NOMINAL  (Test  2a) 

Thia  change  has  the  effect  of  lowering  the  percentage  of  available  mu  for  values  of  slip 
greater  than  6%.  On  surfaces  that  exhibit  reasonable  mu  the  Boeing  727,  737,  and  747  and 
the  C-141  operated  predominately  at  slip  values  greater  than  6%.  Thus,  the  lower  friction 
coefficient  at  the  tire-runway  interface  resulted  in  longer  stopping  distances.  The  F-4,  how- 
ever, operated  on  the  front  side  of  the  curve  where  the  percentage  of  available  mu  has 
increased,  permitting  shorter  braking  distances.  When  the  F-4  antiskid  system  cycles  over 
the  peak,  as  was  the  case  when  the  peak  available  mu  was  lowered  to  0.2,  the  percentage  of 
available  mu  was  decreased,  and  the  braking  distance  was  increased. 

b.  TIRE  INFLATION  PRESSURE  80%  OF  NOMINAL  (Test  2b) 

The  80%  inflation  pressure  change  raised  the  percen  , of  available  mu  for  slip  values 
greater  than  1 5%  and  decreased  the  percentage  of  available  mu  when  slip  was  less  than  1 5%. 
For  the  antiskid  systems  that  cycled  near  the  peak  and  on  the  back  side,  braking  distance 
was  shorter  as  a result  of  the  increase  in  the  percentage  of  available  mu.  The  F-4,  which 
operated  on  the  front  side  of  the  curve  at  high  mu  values  exhibited  increased  braking 
distances  resulting  from  lower  available  mu. 


136 


c.  LOW  TIRE  HEATING  AND  FLAT  MU-SLIP  PEAK  (Tests  2e  and  2f) 

These  two  tests  raised  the  percentage  of  available  mu  for  slip  values  greater  than  10%.  The 
front  side  slope  and  peak  mu  location  were  unchanged.  The  results  showed  that,  for  systems 
operating  at  the  peak  or  on  the  back  side  of  the  curve,  braking  distances  decreased.  In 
addition,  the  higher  the  back  side  mu,  the  shorter  the  distance.  Since  the  front  of  the 
mu-slip  curve  is  unchangrd,  the  F-4  did  not  show  a significant  variation  from  the  baseline 
braking  distance. 


SECTION  XII 

PARAMETER  RATINGS 


The  following  tables  present  the  baseline  braking  distance  percentages  for  frictional  values 
of  0.6,  0.4,  and  0.2.  Also  shown  is  the  p trameter  rating  index  (PRI)  for  all  test  conditions. 
Table  27  summarizes  the  percentages  for  all  aircraft  studied  and  lists  the  composite  PRI. 
Tables  28  through  32  contain  individual  PRI  values  for  the  727,  737,  747,  CI4I,  and  F-4. 
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Table  28.-727 Parameter  Ratings 


Rank 

last 

condition 

Daicription 

Parameter 

rating 

Index 

n 

No  ipolleri  or  draQ  davicas 

87.33 

20  knot  wind 

33.67 

■ 

40%  affective  ipolieri 

33.67 

B 

■B 

Brake  appiication  speed  * 20% 

32.00 

6d 

Nominal  prastura  rate  at  4.0  lac  

31.00 

6 

4d 

60%  effective  ipoiiars 

10.67 

7 

1c 

•10  knot  wind 

16.33 

8 

la 

10  knot  wind 

18.33 

a 

4b 

Spoiler  deployment  at  2.0  tec 

17.33 

10 

6c 

Nominal  pressure  rata  at  2.0  lac 

17.00 

11 

3i 

Brake  application  speed  - 10% 

16.33 

12 

6f 

60%  of  full  metered  pressure 

16.00 

13 

2f 

Flat  mU'Slip  peak 

12.00 

14 

4a 

Spoiler  deployment  at  I.Osec 

11.67 

IB 

2< 

Tire  inflation  pressure  120%  of  nominal 

11.33 

16 

1b 

Minimum  landing  weight 

10.67 

17 

la 

Maximum  landing  weight 

9.67 

ii 

Linear  torque  gain 

9.67 

2a 

Low  tire  heating 

9.67 

20 

19 

Torque  gain  120%  of  nominal 

8.66 

21 

11 

Variable  torque  gain 

8.33 

22 

1h 

Torque  gain  60%  of  nominal  

7.00 

23 

2b 

Cold  day 

6.00 

5e 

76%  of  full  metered  pressure 

6.00 

2B 

4f 

1 20%  engine  idle  thrust 

5.33 

2d 

80%  worn  tire 

6.33 

27 

d 

Move  dynamic  breakpoint  In  60%  of  nominal  . . . 

4.67 

28 

2a 

Hot  day 

4.33 

2b 

Tire  Inflation  pressure  80%  of  nominal 

4.33 

2c 

Forward  center  of  gravity 

4.33 

3d 

Minimum  strut  frequency  varying  stiffener  .... 

4.33 

32 

3b 

Minimum  strut  frequency  varying  mass 

4.00 

b 

Increase  line  diameter  50% 

4.00 

9 

Increase  brake  p • v gain 

4.00 

Table  28.-727  Parameter  Ratings  (Concluded) 


Rank 

Teit 

condition 

Description 

Parameter 

rating 

index 

36 

2d 

Aft  center  of  gravity 

3.00 

36 

3c 

Maximum  strut  frequency  varying  stlffneii 

2.67 

37 

6a 

1 60%  nominal  pressure  application  rate 

2.33 

f 

i ncrease  brake  volume  by  1 0 cu  in 

2.33 

38 

4g 

80%  engine  idle  thrust 

1.33 

1c 

Torque  peaking  150%  or  running 

1.33 

If 

Torque  response  breakpoint  50%  of  nominal  .... 

1.33 

3s 

Maximum  strut  frequency  varying  mass 

1.33 

a 

Decrease  line  diameter  60% 

1.33 

44 

c 

Move  dynamic  breakpoint  out  1 60%  of  nominal  . . . 

1.00 

e 

Insert  20%  restriction  in  return  line 

1.00 

iq 

High-fade  brake 

1.00 

6b 

60%  nominal  pressure  application  rate 

1.00 

48 

Id 

No  torque  peaking 

0.67 

1c 

Torque  response  breakpoint  150%  of  nominal  .... 

0.67 

2c 

60%  worn  tire 

0.67 

3c 

Vertical  stiffness  120%  of  nominal 

0.67 

3f 

Vertical  stiffness  60%  of  nominal 

0.67 

38 

Vertical  damping  120%  of  nominal 

0.07 

64 

1b 

Low  fade  brake 

0.50 

66 

3h 

Vertical  damping  80%  of  nominal 

0.33 

56 

3a 

Rough  runway  surface 

0 

Table  29.-737  Parameter  Ratings 


I' 

’i 

S' 


I 


Dd^ription 


Parameter 

rating 

index 


No  spoilers  or  drag  devices  .... 

20  knot  wind 

Nominal  pressure  rate  at  4.0  sec  . . . 
Brake  application  speed  * 20%  . . . 

Maximum  landing  weight 

40%  effecting  spoilers 

Nominal  pressure  rate  at  2.0  sec  . . . 

‘10  knot  wind.  . 

10  knot  wind 

Brake  application  speed 't- 1 0%  . . . 

60%  effecting  spoiler  

Spoiler  deployment  at  2.0  sec  . . . 
Tire  inflation  pressure  120%  of  nominal 


39.50 

36.69 

36.67 

35.00 

29.00 

26.00 

22.33 

20.33 

19.33 

17.67 
14.00 

14.00 

11.00 


16 

4a 

16 

5f 

2f 

18 

2e 

19 

2c 

20 

2b 

i« 

2b 

23 

d 

24 

2d 

25 

b 

2a 

27 

a 

9 

3a 

30 

1h 

If 

1e 

f 

Minimum  landing  weight 

Spoiler  deployment  at  1.0  sec 

60%  of  full  metered  pressure 

Plat  mU'Slip  peak 

Low  tire  heating 

Forward  center  of  gravity 

Cold  day 

Torque  gain  1 20%  of  nominal 

Tire  inflation  pressure  80%  of  nominal  . . 
Move  dynamic  breakpoint  in  50%  of  nominal 

Aft  center  of  gravity 

Increase  line  diameter  60% 

Hot  day 

Decrease  line  diameter  50% 

Increase  brake  P'V  gain 

Rough  runway  surface  

Torque  gain  60%  of  nominal 

Torque  response  breakpoint  50%  of  nominal 
Torque  response  breakpoint  150%  of  nominal 
Increase  brake  volume  by  10  cu  in 


9.67 
e.67 

7.67 

7.67 

5.67 
4.87 

4.33 

4.33 

4.33 

3.67 

3.67 

2.67 

2.67 

2.33 
2.33 
2.33 
2.00 

1.67 
1.67 
1.67 


-'.  jtj. 


Table  29.-737  Parameter  Ratings  IConcludedt 


Rank 

Test 

condition 

Oaicription 

Parameter 

rating 

index 

34 

la 

High  fade  brake 

■H 

1b 

Low  fade  brake  . 

36 

c 

Move  dynamic  breakpoint  out  160%  of  nomlnd  . . . 

BH 

Id 

No  torque  peaking 

38 

2a 

High  center  of  gravity 

1.00 

6a 

150%  nominal  presuire  application  rate 

1.00 

3b 

Minimum  strut  frequency  varying  mail 

1.00 

41 

4f 

120%  engine  idle  thrust  . 

0.67 

4g 

60%  engine  idle  thrust 

0.67 

ti 

Linear  toique  gain 

0.87 

2c 

60%  worn  tire 

0.67 

3a 

Maximum  strut  frequency  varying  man 

0.67 

3c 

Maximum  strut  frequency  varying  stiffneis 

0.67 

3d 

Minimum  ttrut  fraquancy  varying  itlffnau 

0.67 

a 

insert  20%  restriction  in  return  iine 

0.07 

43 

2b 

Low  center  of  gravity 

5b 

50%  nominal  pressure  application  rate 

Be 

76%  of  fuii  metered  pressure 

0.33 

1c 

Torque  peaking  150%  of  running 

0.33 

3a 

Vertical  stiffness  120%  of  nominal 

0.33 

3f 

Vertical  stiffness  60%  of  nominal 

3h 

Vertical  damping  80%  of  nominal 

66 

II 

Variable  torque  gain 

2o 

80%  worn  tire 

3q 

Vertical  damping  120%  of  nominal 

144 


Tabl0  30.-747 Parameter  Ratings 


Rank 

Test 

condition 

Description 

Parameter 

rating 

index 

1 

4c 

No  spoiler  or  drag  devlMS 

33.67 

2 

5d 

Nominal  pressure  rate  at  4.0  sec 

22.33 

3 

3b 

Brake  application  speed  + 20% 

21.33 

4 

1b 

Minimum  landing  weight 

1S.00 

5 

4e 

40%  effective  spoilers 

17.00 

6 

1b 

20  knot  wind 

18.33 

7 

6c 

Nominal  pressure  rate  at  2.0  sec 

13.00 

8 

3s 

Brake  application  speed  4- 10% 

10.67 

4b 

Spoiler  deployment  at  2.0  sec 

10.67 

4c 

60%  effective  spoilers  

10.67 

n 

U 

Maximum  landing  wei^t 

10.00 

12 

la 

10  knot  wind 

g.33 

13 

1c 

•10  knot  wind 

S.67 

14 

4a 

Spoiler  deployment  at  1.0  sec 

7.67 

8f 

50%  of  full  metered  pressure 

6.67 

21 

Flat  mu'Slip  peak 

6.67 

2q 

Tire  inflation  pressure  120%  of  nominal 

5.33 

18 

2c 

Low  tire  heating 

4.67 

19 

1q 

Torque  gain  120%  of  nominal 

3.00 

a 

Insert  20%  restriction  in  return  line 

3.00 

2c 

Forward  center  of  gravity 

3.00 

22 

4q 

80%  engine  idle  thrust  ...  

2.67 

2b 

Cold  day 

2.67 

24 

2 

Aft  center  of  gravity 

2.33 

1b 

Torque  response  breakpoint  160%  of  nominal  .... 

2.33 

26 

If 

Torque  response  breakpoint  60%  of  nominal  .... 

2.00 

27 

2a 

Hot  day 

1.67 

3a 

Rough  runway  surface 

1.67 

2b 

Tire  inflation  pressure  80%  of  nominal 

1.67 

c 

Move  dynamic  breakpoint  out  150%  of  nominal  . . . 

1.67 

31 

4f 

1 20%  engine  Idle  thrust  

1.33 

6a 

150%  nominal  pressure  application  rate 

1.33 

It 

Variable  torque  gain 

1.33 

b 

Increase  line  diameter  by  60% 

1.33 

MS 


Table  30.— 747  Parameter  Ratings  (Concluded) 


Rank 

Test 

condition 

Oetcription 

Parameter 

rating 

index 

36 

Id 

No  toraue  oeaking 

1.00 

ii 

Linear  torque  gain 

1.00 

2c 

60%  worn  tire 

1.00 

2d 

80%  worn  tire  

1.00 

3a 

Maximum  ttrut  frequency  varying  mais 

1.00 

3f 

Vertical  itiffnett  80%  of  nominal 

1.00 

3q 

Vertical  damping  120%  of  nominal 

1.00 

d 

Move  dynamic  breakpoint  in  50%  of  nominal  .... 

1.00 

f 

Increaie  brake  volume  by  10  cu  !.i 

1.00 

44 

5e 

75%  of  full  metered  pres.^ure 

0.67 

1h 

Torque  gain  80%  of  nominal 

0.67 

3b 

Minimum  itrut  frequency  varying  mati 

0.67 

3c 

Vertical  atiffneit  120%  of  nominal 

0.67 

3h 

Vertical  damping  80%  of  nominal 

0.67 

49 

la 

High  fade  brake 

0.60 

lb 

Low  fade  brake 

0.60 

61 

1c 

Torque  peeking  160%  of  running 

0.33 

3c 

Maximum  itrut  frequency  varying  ttiffneis 

0.33 

63 

5b 

50%  nominal  preisure  application  rate 

0 

53 


t-.as 


1 


Table  31.’-C‘f41  Parameter  Ratings 


Rank 

Test 

condition 

Description 

Parameter 

rating 

index 

1 

4c 

No  spoilers  or  drag  devices 

63.00 

2 

1b 

20  knot  wind 

33.00 

3 

3b 

Brake  application  spead  20% 

28.33 

4 

4e 

40%  effective  spoilers 

27.33 

6 

2f 

Flat  mu-alip  p«ak 

20.00 

6 

Ic 

•10  knot  wind 

17.67 

7 

la 

10  knot  wind 

17.33 

8 

2e 

Low  tire  heating 

17.00 

9 

4d 

60%  effective  spoilers 

16.00 

10 

la 

Maximum  landing  weight 

14.33 

3a 

Brake  application  spead  10% 

14.33 

12 

6f 

50%  of  full  metered  pressure 

11.33 

13 

1b 

Minimum  landing  weight 

10.33 

SpoilQr  deployment  at  2.0  lec 

Move  dynamic  breakpoint  In  50%  of  noninal  . . . 

Tire  Inflation  pressure  80%  of  nominal 

Tire  Inflation  pressure  120%  of  nominal 

Torque  gain  120%  of  nomiiial 

Spoiler  deployment  at  1.0  sec 

Increase  line  diameter  by  

Increase  brake  P'V  gain 

Forward  center  of  gravity 

Hot  day 

Cold  day 

Linear  torque  gain 

Decrease  line  diameter  by  50% 

Torque  gain  80%  of  nominal 

76%  of  full  metered  pressure 

Variable  torque  gain 

Move  dynamic  breakpoint  out  150%  of  nominal  . . 

Insert  20%  restriction  in  return  line 

80%  engine  idle  thrust 

Aft  center  of  gravity 

120%  engine  idle  thrust 


Table  32,-F-4  Parameter  Patings 


Test 

condition 


Description 


No  spoilers  or  drag  devices 

20  knot  wind  

40%  effective  spoilers 

Increase  brake  p-v  gain 

50%  full  metered  pressure 

Brake  application  speed  4 20% 

•10  knot  wind 

60%  effective  spoi  lers 

Move  dynamic  breakpoint  out  1 60%  of  nominal 

10  knot  wind 

75%  full  metered  pressure 

Tire  Inflation  pressure  80%  of  nominal  . . 

Maximum  landing  weight 

Brake  application  speed  •t’ 10% 

Torque  gain  80%  of  nominal 

Cold  day 

120%  engine  idle  thrust 

Tire  inflation  pressure  120%  of  nominal  . . 

Increase  line  diameter  by  50% 

Torque  gain  120%  of  nominal  ..... 

Hot  day 

Linear  to.que  gain 

80%  worn  tire 

Variable  torque  gain 

Drag  device  deployment  at  2.0  sec  ...  . 
Move  dynamic  breakpoint  in  60%  of  nominal 

80%  engine  idle  thrust 

50%  worn  tire 

Drag  device  deployment  at  1.0  sec  .... 

Nominal  pressure  rate  at  4.0  sec 

Increase  brake  volume  by  10  cu  in 

Flat  mu-slip  peak 

Forward  center  of  gravity 

Minimum  landing  weight 


Parameter 

rating 

index 


FlTl 


SECTION  XIII 

CALCULATION  OF  PI  TERMS 


Tables  33,  34,  and  3S  contain  information  needed  to  calculate  various  pi  terms.  The  data 
consists  of  baseline  values  as  well  as  values  used  in  the  brake  system  simulation  parametric 
study.  Tables  36  through  40  show  the  actual  calculation  steps  to  obtain  pi  terms  for  each 
condition  and  all  airplane  models.  The  calculations  for  tT],  it2,  and  are  straightforward. 
For7t4  calculations,  the  term  Fg  was  obtained  using  the  following  relationship: 


2 


v + V 


stop  , 


where; 


'eo 

KE 


= engine  idle  thrust  at  zero  velocity 
= change  of  idle  thrust  with  velocity 


'’stop  “ velocity  at  which  stopping  distance  calculation 
was  stopped  on  the  simulator 


ISl 


I 


Table  SS.-^Baseline  Values  Used  in  Airplane  Simulation  and  Prediction  Mode! 


Airplane  Parameter 

Airplane  I 

Symbol 

Units 

727-200 

737 

Advancea 

— 

747-200 

C-141A 

F-4E 

m 

0.253 

0.27B 

0.18 

0.223 

0.32 

0.140 

0.242 

0.67 

0.262 

0.27 

*^eo 

Ibf 

2475 

1200 

9480 

3600 

1260 

KE 

Ibf-sec/ft 

-6.37 

2.0 

17.1 

-6.94 

-4.98 

p 

Ibfsec^/ft'* 

0.00238 

0.00238 

0.00238 

0.00238 

0.00238 

V 

fps 

195 

173 

219 

200 

256 

''stop 

fps 

24 

24 

24 

24 

24 

W 

Ibf 

126000 

85000 

510000 

260000 

35000 

I Airplane  

1 ^ i I ! 

Test  condition  and  airplane  parameter  changed  727-200  Advanced  747-200  C-14A  F-4E 


Table  35.— Simulator  Braking  DistatKe  Results 

[Stopping  Distance  (Braking  Segment  Only)  (ft)) 


Siii  W 


Table  36.-727  Pi  Determination 


IT  j 

Tri= 

XTr-  .4 

HiJi 

S>  ij/v* 

S.  Sj/v' 

S ^9/v' 

•>  ba/v* 

FT  TT, 

FT  TT, 

FT  TTi 

FT  n 1 FT 

Til 

.?Y8  1,,o8? 

1I456  |l.?i3 

1V50  I.IiBh 

tV50  1 .905  >1192 

3.580 

r OKIOlTlON 

V 

c . 

Co 

Wc 

TT^  - 

II 

4 

TTz  = . 

1 

/Cq 

FPS 

- 

*» 

% 

59 /v' 

& 

5.9 /v‘ 

FT  TT , 

FT 

Vt, 

FT 

n, 

Base  line 

195 

,lU 

-P53 

.553 

1278  1.082 

1750 

1 .Ii82 

>1192 

3.55 

b0%  bPOILCes 

195 

,6?.8 

.2186 

2.87 

111  29  1.210 

rX).3lt 

1.722 

5089 

I1.309 

40;t  fiPOILEIK) 

.195 

.8T2 

,20llt 

It.  33 

1559  1.320 

2376 

2.01? 

5560 

li.VOB 

NO  IbPOtLtRS 

195 

1,36 

.167 

8.Hi5 

2306  1.95  3 

3550 

3.006 

6926 

5.685 

I Condition 

Ba.^>eline 
/^A,x  . Wt 


+ E07.  V 
lEoV.  Fe 


eoJi  Fe  I , 


V 

Feo 

F-e  ^ 

Fea*- 

FP^ 

Lbf 

Lbf  77^ 

195 

2»tT5 

177.'  71127 

208 

2lt75 

1777  106378 

I7lt 

?Fr5 

1777  36I1OO 

^lU 

?Jt75 

1777  1277116 

2311 

?ii75 

1777  212398 

195 

2970 

2U12  52331 

195 

1980 

1137  110989 

li 

PJ 

.4 

ss/v' 

S 

FT 

77, 

F T 

1750 

1 .882 

8192 

1921 

L . >1 30 

lt579 

i 525 

1.622 

I ','6 

200  3 

1 .395 

5013 

23011 

1.355 

5537 

1776 

1 . 508 

>1732 

ii;’9 

1.1168 

8055 

Table  38.— 747 Pi  Determination 

\i  T ^ TTt=.5  TT-t^  .4  Hi  = .3  ~1Tt  = .'z 

COND.  I ^ s3/v*  s 63/v*  s Ua/v*  * «>3/v*  b bj/v* 


219  1905  1.279  2206  3307  2.200  U598  3.067 


Condition 


Ba«clinc 


[■ 

NO  bPOILCRb 

L 

1 

i 

FPS 

a 

B 

219 

.67 

.18 

3.722 

1905 

219 

.862 

.1607 

5.36U 

2085 

219 

.958 

.151 

6.31,1, 

2199 

219 

1.15 

.1317 

8.732 

2507 

b l&s/vM  & kg/v* 


11, 


5135  3.W7 


Condition 


Baseline 


IZ.OV.  Te 


80>i  Fe 


V 

F«o 

Fe 

£vi 

F*3^ 

FP^ 

Lbf 

m 

219 

91,80 

11557 

21850 

231 

91,80 

11557 

29711 

19 1, 

91,80 

11557 

lOUUlt 

230 

91,80 

B 

29339 

21,1 

91,80 

11557 

38810 

219 

11375 

13872 

18235 

219 

7581, 

9231 

271,03 

»3/vM  b bs/v*  E, 


FT  17,  FT  TT, 


1.279  2630  1.766  1,598 


l.'fW,  501,0 


2910  1.771  5036  3.065  ! 


13872  18235  1916  1.286  2661  1.786  UlOO  3.157  1 


Toble  59.— C*  141  Pi  Determination 


TTt  = 

• (> 

■39EB 

lEZB 

.4 

% 

*>3/v* 

‘l/v* 

*9//* 

200  101*1  l,t»82  2223  1.709  2752  2.215  3014  3.069  5650  4.540 


COMDITION 


■uaa 

B 

WSM 

»Vv* 

B 

HU 

s 

FPS 

- 

- 

*9/v* 

hs  /v' 

EH 

77, 

Ed 

BS 

200 

.2615 

.2226 

1.175 

13141 

1.1482 

2752 

2.215  1 

5650 

lt.5li8 

200 

.5969 

.1790 

3.332 

2139 

1.725 

3211i 

2.567 

i 

6506  1 

5.237 

200 

.7646 

.1580 

I*.839 

23'l0 

1.6311 

3565 

2.870 

7050 

5.675 

200 

1.10 

.III16 

9.607 
1 

■Mi 

1<575 

3.663 

- 

i 

1 Condition 


S 


rr  TT,  rr  tt, 


Barline 

200 

3600 

2623 

^AAx . Wt 

218 

3600 

2823 

/^iN.  Wt 

167 

3600 

2823 

3-ioy.  V 

220 

3600 

2823 

+ toy.  V 

2>l0 

3600 

2823 

itoy.  Fe 

200 

ll320 

3692 

8oJi  Fe 

200 

2680 

1950 

3102  2.102  6369  4.315 


1652 

1.907 

12710 

2lllll 

1.426 

3173 

2466 

1.378 

3580 

1866 

1.502 

2797 

1824 

1.468 

2703 

% 

*s/v* 

FT 

*3/v‘ 

D 

la 

s 

%3/v’i 

EDI 

mm 

m 

ECl 

mm 

3273 

1.608 

3974 

1.952 

5261 

2.585 

8593 

4.222 

CotslDITION 


Bav.linc 


(i0%  4P0ILCM  2% 


40X  %POII.ei>&  2ii 


NO  ♦POlUMft  2% 


TTt=  ,1 


% Ua/v'l  s S9/V* 


.319 

.846 

2766 

1.359 

.228 

1.184 

3215 

1.579 

.192 

1.406 

3427 

1.684 

.110 

2.454 

4095 

2.012 

Fe 


PP%  Lbf  Lbf  tr^ 


ttsA'I  & »s/v*  & 


FT  I TT,  I FT  I TT,  I FT  I rr , 


Baseline 


Max  . Wt 


Min  . Wt 


■MO*/.  V 


+ toy,  V 


Itov.  re 


«o?i  Fe 


256  1260  563  L-Wseij  2766  1.359  397l<  1.952  8593  >4.222 


292  1260  563  I535U09  3255  1.229  W80  1.843  8832  3.335 


237  1260  563  125280  2704  1.55  3841  2.202  8271 


2704 

1.55 

3370 

1.364 

262  1260  563  E048633  3370  1.364  4566  1.849  8825  3.5T3 


306  1260  ^63  B477515  3907  1.324  5022  1.705  8885  3.016 


256  I 1510  948  B8II8I  2893  1.421  4196  2.062  IO615  5.215 


256  1010  I6C  b845833  2722  1.337  3836  1.885  7218  3.546 


SECTION  XIV 

ARRANGEMENT  OF  PI  TERMS 


The  experimental  data  converted  to  nondimensional  pi  terms  must  be  arranged  so  that  all  of 
the  pi  tern*'  ">ntaining  independent  variables,  except  one,  remain  constant.  The  remaining 
term  is  ti  ■<  varied  to  establish  a relationship  between  it  and  it],  the  term  containing  the 
dependent  variable.  This  procedure  is  repeated  for  each  of  the  independently  variable  pi 
terms  in  the  function.  Tables  41  through  45  show  the  arrangement  for  each  of  the  five 
airplanes.  Each  page  is  a complete  data  set  with  three  sets  per  table  to  show  the  data  at  0.6p, 
0.4m,  and  0.2m  conditions. 
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Table  4 1.-727  Pi  Arrangement  (Concluded) 


(■n-i) 

± 

Condition 

.3 

2.175 

.553 

71127 

baseline 

.275 

L _ 

.25 

2.65 

■ 

■ 

.225 

2.975 

■ 

■ 

.2 

3.550 

.167 

4.242 

r 

(no 

C^i) 

•TTz 

Condition 

.553 

3.55 

71127 

2.87 

4.309 

SB 

1 

u 

so?;  SPOILERS 

4.33 

4.708 

mm 

r 

8.144 

5.865 

NO  SPOILERS 

(lfl) 

TTS 

Condition 

36400 

4.494 

.2 

.SS3_ 

MiKJiMUKV 

WEUGMT 

■ 

n 

LJ 

Itoji  THRUST 

71127 

3.ba0 

B 

■ 

n 

BASELINE 

B 

■ 

110989 

3.434 

B 

BO%  THRUST 

127746 

3.492 

110%  Vx 

212394 

3.256 

' 

lEOV.  Vj 
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Table  43. -747  Pi  Arrangement  (Continued) 


i^t) 

(Tr,) 

Tfs 

\ 

Condition 

.b 

1.279 

3.722 

2T850 

BASELINE 

.5 

1.480 

■ 

HI 



.4 

1.766 

■ 

■ 

B 

B 

2.220 

■ 

■ 

B 

B 

.1 

3.087 

■ 

.1 

5.520 

CTTi) 

TTj 

4 

COMDITION 

3.722 

1. 766 

.4 

21850 

BASELINE 

5.364 

1. 952 

t 

i 

bO^  SPOILERS 

6.344 

2.058 

40%  SPOILERS 

8.732 

2.344 

NO  SPOILERS 

(•^4) 

(1^1) 

^3 

Condition 

10444 

1.828 

.4 

3.722 

WE»GHX 

18235 

1.786 

IEO%  THRUST 

21850 

1.766 

BASELINE. 

29711 

1.744 

^^AXI^^U^<^ 

WEIGHT 

27403 

1.732 

BO%  THRUST 

29339 

1.771 

105%  Vx 

38810 

1.775 

MOV,  Vi 

Table  45.-F-4  Pi  Arrangement  (Concluded) 


(TTl) 

(n,) 

+ 

Condition 

.30 

2.71 

wmm 

1146583 

aASCLINE 

.275 

2.96 

im 

HI 

.25 

3.23 

.225 

.1 

4.222 

■ 

iHI 

(no 

(trO 

— 

4 

Condition 

(LMfi 

Hm 

.2 

46583 

5^«£UNC 

mm 

hmi 

HI 

i 

bO%  SPOILERS 

1.406 

6.031 

4 OX  SPOILERS 

2.454 

- 

■ 

H 

NO  SPOILERS 

(fr4) 

(•ffi) 

TTi 

Condition 

725280 

4.741 

.2 

j846 

WEIGHT 

681181 

5.215 

IH 

HI 

ISO?.  THRUST 

hmi 

BASELINE 

I^Ril 

IH9 

^^/EI&:^T 

3845833 

3.546 

BOX  THRUST 

2048633 

3.573 

IlOX  Vx 

3477515 

3.016 

H 

H 

120*4  Vx 
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SECTION  XV 


FORMULATION  OF  MODEL  EQUATIONS  AND 
MODEL-TO-SIMULATOR  CORRELATION  CALCULATIONS 


After  the  conditions  have  been  met  for  the  function  to  be  a product,  a prediction  equation 
is  formed  by  multiplying  all  component  equations  and  the  constant  term  C.  That  is: 


()T[)  = C f]  (Jt2, 5F3,  tt4)  (2  (tT2.tf3.tf4)  fs  (tf2.tf3.tf4) 

Therefore,  for  the  727  airplane  at  ¥2  = 0.6:- 

(ifl)  =0.8607  |o.7048  (tr2)‘°'**'^^  1.06869  [o.3 1 2S  - 0.3375  % Sp]  j 314  („^)-0.06836| 


(tf,)  = 1.5001  (tf2)-0'8196  („3)[0.3I25-0.3375%Sp]  ,;,4)-0.068.36 


(I) 


For  the  727  at  ^2  = 0.4: 


(tfj)  = 0.4507  |o.7048  (ir2)'°'8‘^8  1.4882  (7T3)[o-83S62  - 0.32769  % SP]4,2724  (7T4)'°  ^‘*®| 


(tr,)  = 2.0197  (,T2)-0-8>9<'  (.tj)  [o.33562 - 0.32769  %Sp]  (^^r0.09409 


(2) 


177 


And  for  the  727  at  1^2  “ 0.2: 

(7T,)  = 0.0793S  |o.5648  (ff2)'‘  '2^  3.7262  (s3)[o-21586  - 0.13473  % S.’]  37.297  (^^)-0. 1 768j. 


["(Hi)  = 4.55S  (7r2)-‘  '2S  (^,3)  [0-2 1586  - 0.13473  % Sp]  (;,^)-0.1768 


(3) 


This  process  was  repeated  for  tiie  other  airplanes  and  corresponding  p’^ediction  equations 
were  obtained.  The  prediction  equations  were  then  used  to  calculate  predicted  stopping 
distance  (it  term)  and  compared  with  actu-  ’ stopping  distance  (tt  term)  for  correlation.  The 
deference  between  the  two  was  converted  to  a percentage  error  based  on  the  actual 
stopping  distance  (it  term).  Tables  46  through  50  illustrate  this  correlation  comparison. 
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Table  46.-727 Model-to-Simulator  Correlation  (Continued) 


(it,)  = 2.0197 (TTj)-. 81 96  (1T^) 

= K C-irjV  (173)'  (ir^y 


fTl 

K 

(TT5)' 

(TU)' 

MtSm 

MIWM 

%LReOR 

CONDITION 

HHI 

mu 

■i 

■^1 

■m 

nn 

mm 

mim 

.b 

2.0197 

1.5199 

.3495 

1.068 

1.082 

-1.3 

1 1 

n 

• > 

M 

.3365 

1.028 

1.046 

-1.7 

lAMi.  wT. 

1 t 

II 

1 1 

It 

.3722 
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■H.7 

»A1M.  WT 

( 1 

1 1 

1 1 

M 

.3308 

1.011 

1 .026 

-1.5 

♦ 10%  Vi 

t 1 

li 

• 1 

• 1 

.3153 

0.963 

0.991 

-2.8 

■»  70V.  Vj 

If 

■ 

1 

1.1449 

.3495 

1.229 

1.210 

•i-i.e 

faOV.  ‘oP 

1 1 

1 

1.3183 

1 

1.414 

- 

- 

40“/.  *bP 

1 1 

1 1 

* 1 

1.9118 

u 

2.051 
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■15.0 

MO  ‘trP 

t t 

1 1 

.9953 

.3598 

1.099 

1,103 

-.4 

120*4  !•«. 

u 

>) 

> > 

'1 

.3352 

1.024 

1.077 

-4.9 

&C4  Fe 

A 

*) 

£'1191 

JJ 

.3495 

1 .489 

1.482 

■<•.5 

BA*SELlMr 

n 

f) 

If 

ft 

.3365 

. 1^411 

J.  .. 

^•.■2  

vy  T. 

n 

• t 

-37?? 

1 .585 

1.622 

-2.3 

K\M.  wT 

1 1 

ij 

It 

1 dnq 

1 . 995 

+i.n 

MO'4  Vt 

1 1 

.. 

91 59 

„ 1 , 143 

--U3S5^- 

♦ iC)%  Vj- 

1 1 

> 

•1 

1 -lAdq 

1.713 

1.7?? 

-.5 

fcO*<  5.P 

1 1 

1 1 

1 1 

1 

1 1 

?.01? 

40V, 

1 1 

If 

1 1 

1 .QUA 

*1 

? fifin 

-3.006- 

—-4.8 

MO  SP 

1 1 

1 1 

1 

QQAI 

lAcjn 

1.533- 

-U504.. 

J-U9 

1 70*4  Pr 

N 

• f 

n 

M 

.3352 

_L42_8J 

JL46.4 

80'’,;  f<7 
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Table  47.-737  Model-to  Simulator  Correlation  (Concluded) 


(ir,)=  06739 

= K fTrjV  (TT^y  (ir^)' 


TTi 

K 

(TTt)' 

CrTj)' 

(^y 

psEoicrto 

*.CTOAL 

%E.Reoe 

COKJD»TION 

mm 

.b 

IrBh 

1.47990 

.9871 

.5413 

1.138 

1.149 

-.9 

1 1 

•• 

1) 

.5166 

1.089 

1.146 

-4.9 

lAAX.  W V. 

t 1 

1 1 

M 

.5501 

1.156 

1.135 

+1.8 

WT. 

1 1 

i. 

• 1 

.5241 

1.102 

1.129 

-2.4 

+ 107.  Vi 

1 < 

1 1 

‘ 1 

,, 

.5088 

1.070 

1.100 

-2.7 

+ 70*/.  Vi 

1 1 

1 

1 

1.1533 

.5413 

1.329 

1.302 

+2.1 

feO*/. 

1 1 

1 

1.2376 

II 

1.427 

1.412 

+1.1 

40V. 

1 « 

,, 

n 

1,4003 

tf 

1.614 

1.595 

+1 .2 

NO  *bP 

i f 

1 1 

I • 

.9871 

.5470 

1.150 

1.148 

+ .2 

1 Z t £ 

t 1 

u 

1 1 

») 

.5343 

1.123 

1,143 

-1.7 

8i7.  I'e 

WBM 

2.01S1 

.9871 

.5413 

1.551 

1.549 

+ .1 

BAS6.L1NE 

! 1 

If 

.5166 

1.480 

1.524 

-2.9 

MdK  WT. 

II 

• » 

.5501 

1.577 

1.540 

+2.4 

►MM.  WT, 

!■ 

.1 

.5241 

1.502 

1.514 

-.8 

ho7,  V i 

1 1 

,, 

.. 

.5088 

1.458 

1.470 

-.8 

♦ 101  Vj 

1 > 

M 

h 

1.1533 

.5413 

1.813 

1.767 

+2.6 

bO\  SP 

1 1 

1 1 

1 1 

1.2376 

■ 1 

1.945 

1.930 

+ .8 

40“/. 

1 1 

mnm 

1 1 

1.4003 

2.200 

2.196 

+ .2 

NO 

1 1 

.09871 

.5470 

1.508 

1.555 

+ .8 

1 re 

gglll 

•f 

II 

II 

.5343 

1.531 

1.538 

-.4 

BCi\  re 

.z 

3,4237 

0.9871 

.5413 

2.635 

2.640 

-.1 

BASELINE. 

1 1 

Ip 

M 

.5166 

2.516 

2.567 

-2.0 

NNA)l  . WT. 

n 

bbh 

1 1 

If 

.5501 

2.679 

2.639 

+1  .5 

WT. 

1 ) 

— 

1 ) 

(I 

,5241 

2.552 

2,542 

+ .4 

♦ lo*/.  Vi 

n 

mm 

1 1 

.5088 

2,478 

2,430 

+2.0 

♦ 70*/.  Vi 

1 1 

p 1 

1 ) 

1.15.33 

.5413 

3.080 

3.030 

+1.6 

faO*/.  s,p 

n 

>> 

> 1 

1 J376 

1 1 

3.. 305 

■ 3.359 

'1 .6 

AO’/.  aP 

n 

n 

II 

1 4nn.3 

*1 

3.739 

3.718 

+ .6 

NO  -bP 

1 1 

M 

n 

0071 

tid7n 

2.664 

2.661 

-.6 

120*/.  r« 

II 



1 1 

II 

-5.34.3 
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_2.6Q2 

n 1 aoV.  re  | 

[ 
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SECTION  XVI 

WET-RUNWAY  ANALYSIS  CALCULATIONS 


The  procedure  followed  in  Sections  XIII,  XIV,  and  XV  was  repeated  for  the  data  analysis  of 
wet  runway  conditions  and  prediction  equations  were  obtained  as  before.  However,  a 
velocity-dependent  mu  value  was  converted  into  a constant  peak  available  mu  value 
(independent  of  velocity)  by  using  previous  vs  it2  component  equations.  For  example, 
Eqs  8,  1 1,  18,  25,  and  37  in  ASD-TR-74-41,  Volume  I,  Section  XI.  Tables  51  through  65 
illustrate  the  steps  involved. 
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PrecBdins  piea 


IVet  Runway 
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Table  54.-737  Pi  Terms  for  Wet  Runway 


Table  S8.— Calculated  Wat  Runway  Mu 


Airplane 

()T2l  « Ifl) 

Calculated 

model 

taking 

prediction  Eq 

(ITj)  or  fi 

727 

5009 

(ir,)  - 0.5848  ’ 

0.167 

737 

3207 

(ir,)  - 0.7716 

0.141 

747 

6809 

(IT,)  = 0.338 

0.125 

C-141 

6033 

(IT,)  ■=  0.876  (ffj)  ’ ”®® 

0.226 

F-4 

6890 

(ff,)  ■ 0.7473 

0.278 
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Table  ^0  Sumir>ary  of  Wot  Runway  Component  Equations 
and  Constant  Term  Values  {Concluded} 


Table  60.— Summary  of  Wet  Burtway  Prediction  Equations 


Airplane 

Equation 

Eq 

No. 

727 

(7T,)  - 1.7801 

(14) 

737 

(ir,|  - 0.4642  ® (ffjl  10.23458  ■ 0.1 2684  % SPl 

0.04881 

(18) 

747 

(8,)  - 0.3748  (82I-081B  ,,3,  I03B764  ■ 0.06953  % SPl 
.(ir,l  004275 

(161 

C-141 

(ff,l  - 2.2418  (iTjl®  ®®®®  Iir4)'°  °8^®8 

(17) 

1 

F-4 

(8',l  - 4.839  (ffjl-’-OSW  ,„3,  [0.74  792. 0.03547%  SPl 
.|^^)-0.1256B 

(18) 

